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Abstract

For the patterning of sub 100 nm features, a clear understanding of the origin and
control of line edge roughness (LER) is extremely desirable, both from a fundamental as
well as a manufacturing perspective. Until recently, LER studies have focused on the
analysis of top-down SEM micrographs of post-developed photoresist lines. However,
the effect of plasma etch on sidewall roughness has not received sufficient attention.
Plasma etching processes often roughen the feature sidewalls, leading to the formation of
anisotropic striations. It is this post-etch sidewall roughness which will ultimately affect
device performance.

Sidewall roughness transfer through all layers of a process stack (photoresist,
ARC/hardmask, and oxide) was observed by cleaving dense line / space patterns parallel
to the lines, and directly scanning the exposed sidewall with an atomic force microscope.
This technique vividly highlighted the structural nature of the post — etch sidewall, and
allowed the extraction of quantitative roughness data as a function of depth.

Sidewall roughness transfer can be improved through a variety of processing and
material solutions. Maintaining a smooth sidewall immediately prior to the substrate etch
(for example, through modulation of the ARC / hardmask open chemistry) leads to
smoother sidewalls after oxide or polysilicon etch. However, smoothing must typically be
balanced against critical dimension control. Additionally, the resist platform can add to
roughness transfer. Thin and/or fluorinated photoresist can enhance roughness due to the
poorer etch resistance of these materials.

Low — k (OSG) and porous low — k (MSQ) dielectrics can suffer from enhanced
roughening during etching in fluorocarbon plasmas due to polymer - induced
micromasking. Porous films seem especially prone, perhaps due to polymer diffusion into
the pore structure. Control of polymerization during the etch through the use of lower —
polymerizing fluorocarbons or the addition of oxygen was shown to effectively control
excessive roughening on solid films, while porous dielectrics remain challenging.

Finally, an inductively-coupled plasma beam source was used to conduct a
preliminary investigation into roughening of polysilicon in an HBr plasma beam. The
initial polysilicon topography was shown to seed striation formation at glancing ion
incident angles due to scattering and ion shadowing. These results indicate that, in a pure
etching process (no deposition) the surface topography can be an important source of
roughness and striation formation on sidewalls.
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Figure 3.21 — RMS roughness after 45s oxide etch as a function of depth. The roughness shows a depth —
dependent characteristic, very rough at the top of the resist, and decreasing as the depth increases. The
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Figure 3.33 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after a 42 s “thin” HM
open. Similar to the “thick” HM sample, a large amount of resist remains due to the enhanced etch
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Figure 3.47 — Depth — dependent SWR of Si ARC sample after oxide etch. The roughness magnitude on
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Chapter 1 — Introduction

1.0. Integrated Circuit Manufacturing and Moore’s Law

In 1965 Gordon Mdore, the future founder of Intel, identified a trend for the
continued scaling of integrated circuit technology that showed a doubling of the number
of components on a chip roughly every two years', a proclamation known ever since as
“Moore’s Law.” Since these early days, the microelectronics industry has maintained
(and even exceeded) Moore’s law through the advent of increasingly sophisticated
materials selections and manufacturing techniques, enabling the fabrication of ever-
smaller circuit features. Figure 1.1 shows data obtained from the International
Technology Roadmap for Semiconductors (ITRS), a consortium of industrial,
government, and academic entities that provides an assessment of the semiconductor
industry technical requirements. Plotted are the DRAM !; pitch and post — etch gate
length forcasts as a function of the year of introduction®. Moore’s law is indicated by the
linear trends on the semi-log plot. Currently (in 2004), 90 nm DRAM features are in high
volume production, and transistor gates are being fabricated with gate lengths less than

40 nm.
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Figure 1.1 - Forecast of decreasing feature size as a function of the year of production, from the ITRS
Roadmap.
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1.1. Microelectronics Processing

The fabrication of integrated circuits involves a stepwise manufacturing process
which is simplistically illustrated in figures 1.2 a — f. The film to be patterned is coated
with a light — sensitive polymer material knows as photoresist. The photoresist is exposed
to radiation through a mask. Exposed areas of the resist undergo a change in structure,
and upon development, wash away (for a positive — tone resist). The remaining patterned
resist on the wafer acts as a mask, protecting the underlying film material. This process is
know as lithography. After patterning, the areas unprotected by photoresist are etched,
typically via a plasma etching process. Following the etch, the remaining resist is
stripped, leaving features remaining in the film. These steps (film deposition, lithography,
and etch) are repeated over and over, with different imaging masks, in order to build up

the many layers that make up the completed integrated circuit.

d) €) f)

Figure 1.2 — a) Film to be patterned is deposited on a substrate. b) The film is coated with a light —
sensitive polymer known as photoresist. ¢) The resist is exposed through a mask consisting of
transparent and opaque regions defining the desired circuit features. d) After exposure, the resist is
developed, leaving portions of the film masked by undissolved resist. €) The film is etched in a plasma
process, leaving the areas protected by resist. f) The remaining resist is stripped, leaving a patterned film.
These processes are then repeated over and over to build up the circuit layers.

While this thesis is concerned with feature roughness generated during the plasma
etching steps, it was the lithography community that first recognized and studied the

impact of feature roughness on microelectronics fabrication. As such, a brief review of
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the history and causes of roughness during the lithographic process (as well as a short

literature survey) should prove enlightening for the reader.

1.2. Lithography and Line Edge Roughness

One problem that can potentially limit the continued scaling predicted by Moore’s
law is feature roughness. This phenomenon has been studied extensively in the
lithographic community as pertaining to the edge roughness of patterned photoresist
features, and is referred to as line edge roughness, or LER. The moniker “line edge
roughness” refers to the measurement method commonly used to observe it, in which
printed photoresist lines are imaged top down via a scanning electron microscope (SEM).
The digitized SEM images are then run through an algorithm that, based on the
brightness of the image pixels, decides which elements lie on the line, and which do not.
Thus, a representation of the pattern edge is extracted from the SEM micrograph (see
Patsis et al’. for a nice discussion of profile extraction algorithms including both
threshold and derivative techniques, and associated topics such as noise smoothing).
Once the profile edge is obtained, the data is corrected for slope, and analyzed for
roughness characteristics. The LER is typically defined to be the variation of the profile
(in some fashion) from a straight line. While there are many ways to represent LER, the

most common is to take the standard deviation of the profile edge, ie:

LER=0 = /%Z(z,. -z)’ (1.1)

where z; = position of the i’th data point, Z = average of all data points, and N = total
number of data points. Roughness analysis can additionally be performed on the line
width data (LWR) as well as the line edge data. These concepts are demonstrated in
figures 1.3 and 1.4. Figure 1.3 shows printed resist lines imaged as described above, with
extracted profiles from the image demonstrated in figure 1.4 highlighting both the line
width (LWR) and LER.
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1.2.1. Lithographic LER as a Limiter of Moore’s Law

Line edge roughness has been identified by the ITRS as one of the ten most
difficult challenges facing ongoing lithography development as feature sizes continue to
shrink. This is because, as patterned features become smaller, the associated LER takes
up a correspondingly larger fraction of the total available critical dimension (CD) budget

(the maximum amount that the critical dimension of the feature can vary from the des —
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Figure 1.3 - Photoresist printed in a dense Figure 1.4 - Representative edge profiles

line/space pattern. The image was run through an extracted from one of the lines in figure 1.2 after

analysis algorithm to extract the edge profiles for slope correction. Roughness analysis can be

LER determination. performed on both the line width data (the
difference between the two edge profiles) or the
edges themselves. The LER is typically defined to
be the variation of the edge profile, in some
fashion, from a straight line.

ign). This is illustrated schematically in figure 1.5. For earlier technology nodes, the CD
was so large that dimensional fluctuations from edge roughness could be adequately
tolerated. As the designed CD shrinks, however, the magnitude of the resist roughness
remained approximately constant, consuming an ever increasing fraction of the CD
budget. Figure 1.6 shows ITRS LER requirement forecasts. At the current (90 nm) node,
the 36 LER requirement of ~2.1 nm is just barely tolerable. For future nodes, the ITRS
lists LER requirements in red, indicating that no manufacturable solutions exist to reach
the required LER levels. Unfortunately, the problem is growing worse by the year. By the
year 2010 (upon reaching the 45 nm technology node) 3o lithographic LER levels are
anticipated to cross the 1 nm threshold, and will require levels approaching 5 angstroms

by the year 2016. Therefore, unless implementable solutions to the LER problem can be
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found, future scaling of feature sizes on integrated circuits will be impossible, and

Moore’s law will cease.

< CD > CD
LER 4> LER
CD >> LER CD~LER

Figure 1.5a — When the CD is much larger than Figure 1.5b — As the CD shrinks, the LER takes

the LER magnitude, the LER takes up only a up an increasingly larger fraction of the available

limited portion of the available CD budget. CD budget. Eventually, LER will limit the
progression of Moore’s law unless implementable
solutions can be found.
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Figure 1.6 — Lithographic LER requirement forecasts from the ITRS. Currently (2004) the 90 nm node
requires LER levels on the order of 2.1 nm. By 2010, LER requirements for lithography will cross the 1
nm level.

1.2.2. Causes of Lithographic LER

The potential troubles due to LER of lithographically patterned features have been

evident for a number of years. As such, the causes and impact of LER in photoresists has
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been a rich field of study. Some of the drivers of photoresist line edge roughness include
the following:

1) Resist material properties such as photoacid diffusion (due to acid content or post
exposure bake time/temperature), polymer size, aggregation, and molecular
weight

2) Exposure factors such as aerial image contrast, shot noise, and mask
imperfections

3) Process conditions such as dose, developer concentration, development time, or

resist baking

1.2.2.1. Resist Material Effects

Development of chemically amplified photoresists relies on a solubility difference
between exposed and unexposed regions. Exposure releases photoacid from photoacid
generators (PAGs) that subsequently diffuses during a post — exposure bake (PEB). The
photoacid deprotects the resist polymer, changing the solubility, additionally releasing
more acid in a catalytic effect. The boundary between the developed and undeveloped
resist is thus determined by the extent of photoacid diffusion.

Many researchers have examined the effect of photoacid concentration and
diffusion on LER formation through both experiments and simulation. Experiments by
Shiobara et al* showed that roughness improves with effective acid concentration. High
concentrations of acid cause adjacent regions deprotected by each acid molecule to
overlap, smoothing the profile. Henke et al’ showed through modeling that increasing the
acid diffusion length serves to homogenize the acid concentration, yielding lower
roughness. Schmid et al® modeled acid diffusion during PEB, and found that higher acid
concentration at feature edges yielded smoother features due to a smoother acid
concentration gradient.

The effects of the PEB time on acid diffusion (and thus, roughness) have received
much attention as well. Rau et al’ showed that increasing acid diffusion by raising the
PEB time led to smoother lines. Patsis et al demonstrated that increasing acid diffusion
by increasing the dose or PEB time®, or increasing acid content by higher photoacid

generator concentration’ yielded a smoother resist. Ocola et al'® showed that a
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percolation network formation model for acid diffusion/reaction could predict LER
formation in a chemically amplified resist. However, Stewart et al'' found an opposite
result. Their simulations show an increase in roughness with increasing PEB time. They
explain this by their finding that roughness seems to scale with the total developed
distance, which increases with a longer PEB.

The polymer structure of the resist itself can lead to roughness. Yoshimura et al'
demonstrated that a photoresist with aromatic rings in the main chain formed rougher
patterns than one with aromatic rings in the side chains, due to steric effects. Ishida et al*?
used Fourier analysis to analyze rough profiles extracted from SEMs, and found that
certain roughness spatial frequencies in the range of 10 — 100 nm depended on the
molecular structure (specifically the number of monomers forming the cyclic molecule).
Larger scale structural effects have also been examined. Rice et al'* noted that line width
roughness seemed to scale with the resist grain size. Yamaguchi et al'>'" described a
polymer aggregate extraction model to explain LER. They said that during development,
the residual polymer surrounding polymer aggregates present in the resist dissolves,
allowing the aggregates to float away. However, if the residual polymer only partially

dissolves, the aggregates remain trapped, leading to LER formation.

1.2.2.3. Exposure Effects

Exposure anomalies including aerial image contrast, shot noise, and mask effects
have been shown to affect roughness during lithography. Aerial image contrast (AIC)
refers to the exposure intensity modulation between unexposed and exposed regions on
the wafer. In a perfect world, exposed regions would receive a maximum, constant dose,
and unexposed regions would receive no dose at all (100% AIC). However, in the real
world this is not the case, and nominally unexposed regions receive some amount of
dosing energy, partially exposing the resist. As such, the AIC is less than 100%. The role
of AIC on LER has been explored. Sanchez et al'® found that LER decreases with higher
AIC. Additionally, they found a dependence of LER on the polymer molecular weight at
low AIC conditions, with higher molecular weight polymers leading to higher LER
values. Shin et al'® investigated AIC effects using electron beam, X-ray, and extreme

ultraviolet (EUV) exposures of several resists, and found that increasing AIC led to lower
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LER for all cases. Ma et al’® examined the effect of AIC on both dense and isolated line
patterns. They found that while both types of patterns grew rougher as the AIC was
decreased, the dense lines were rougher than the isolated at the same dose and nominal
AIC modulation because the proximity effect lowers the true AIC modulation
encountered by the dense patterns.

Shot noise refers to random dose fluctuations that lead to an undesired dosing
variation on the exposed patterns. Eder-Kapl et al*' used an ANOVA analysis and
demonstrated that, on chemically amplified resists exposed with helium ion beams, shot
noise seems to govern LER formation at low dose. However, at high dose the LER
saturated, indicating that resist properties governed the LER at higher dose.

The effects of imperfections of the exposure mask itself on LER have also been

1?2223 demonstrated pattern transfer of mask profile defects into

investigated. Reynolds et a
the resist. They showed that profile variations present on the mask sidewall were

duplicated in the photoresist sidewall following development.

1.2.2.4. Process Effects

Different processing variables have been shown to affect LER in photoresist
patterns. One important parameter is the exposure dose. He and Cerrina® showed that
roughness typically scales with the extent of deprotection, but depends on the process
history. The LER showed a maximum at intermediate dose levels. Flanagin et al”
compared their simulation results to He and Cerrina’s experiments, and predicted similar
trends. Simulations by Patsis et al’ also predicted an LER maximum at intermediate dose
levels.

Development conditions can also play a role in LER formation. Reynolds et al*?
noted an increase in LER with both increasing developer concentration and increasing
development time. Additionally, they found that the rate of roughness formation seemed
to scale linearly with the development time. Stewart et al'' found a similar result
(increase in LER with increasing developer concentration) for resists with a poly 4-
tertbutyloxycarbonyloxystyrene (TBOCST) resin, while an acrylic — based photoresist
resin (ARP) showed a flat LER trend with increasing developer concentration. They

attributed this to the different resin chemistries and deprotection mechanisms. Lowering
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the developer concentration for the TBOCST film simply slows down the rate of
deprotection and thus dissolution, yielding smoother surfaces. The ARP resin, however,
generates a carboxylic acid when deprotected, a process that is insensitive to changes in
developer concentration.

Rice et al'* employed a six factor design of experiments to examine the effect of
process conditions on LER. While it was easy to make the roughness worse, they found
that improvements via process changes were difficult to achieve. However, they found
that raising the hard bake (a bake performed after the development process is fully
completed) temperature improved LER due to flowing of the photoresist.

1.3. Plasma Etching and Roughness

As the reader can see, a great deal of effort has been put into determining causes
of and solutions for line edge roughness during lithographic processing. However, the
role of the etching process on roughness has received comparably little attention. While
obtaining smooth photoresist lines is undoubtedly important, from a manufacturing
standpoint it is really the roughness of the final efched feature that will ultimately
determine the electrical performance of the completed device, and will govern whether or

not it will fail.

1.3.1. Surface Roughness Investigations on Blanket Films

Many researchers have investigated the surface roughening of blanket films
during plasma etch processing. Potential roughening mechanisms include polymer
deposition, ion bombardment, temperature effects, or selective etching of film
components. Industrially relevant films include silicon, silicon oxide (SiO,), silicon
carbide (SiC), silicon nitride (Si3Ns), and polymer films like polyimide or photoresists. A
smattering of the available work is discussed below.

Zhao et al*® investigated the roughening of Si surfaces in CF4/O, plasmas. They
used scaling theory and height-height correlation functions calculated from atomic force
microscopy (AFM) images to determine how roughness develops during the etching
process. They found that the surfaces tended to coarsen with increased etching time (with

a shift to lower roughness spatial frequency and an increased interface width) but the
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scaling remained constant. Drotar et al”’ confirmed these results later through
simulations.

SiO, etching is typically performed in fluorocarbon plasmas. These chemistries
produce fluorocarbon polymer that enhances selectivity and profile control. However, it
can also play a role in roughening. In a series of papers, Min et al®*? investigated
fluorocarbon particle redeposition from the bottom of a feature onto the sidewall during
CF4 etching of SiO,, and its role in roughening. They found that surfaces that
experienced redeposition were significantly rougher than those without redeposition.
Since surface analysis indicated a thick polymer film on the rough samples, they
attributed the enhanced roughness to fluorocarbon polymer particles initiating the
formation of rough polymerization. By adding O, to the etching chemistry, the
roughening was reduced. Later in this thesis (Chapter 6) I will show my own
investigation on the role of fluorocarbon polymerization in the roughening of SiO; and
low — k dielectric films.

In several papers, Kim et a?*%

examined the effects of processing parameters on
the surface roughening of SiC in C,;F¢/O; inductively coupled plasmas. They asserted that
changes in surface roughness were correlated to changes in the DC bias to the substrate
as other parameters (such as the plasma source power and pressure) were changed.
However, the surface roughness proved inversely correlated to the DC bias when other
parameters (such as the O, concentration or gap spacing) were changed, so the true
effects of the DC bias in their experiments are unclear. Jiang et al’® investigated SiC
roughening in SF¢/O; plasmas, and found no significant change with DC bias.

Massi et al** studied roughening of “diamond ~ like carbon” (DLC) films in
Ar/O; plasmas as a function of source power and O, content. The etching rate and surface
roughness both increased with increasing source power. The roughness also became
extreme at higher O, fraction (with surface features beyond the vertical range of the AFM
scanner), which the authors attributed to selective etching of DLC components by
oxygen.

Ye et al*® investigated roughening of Si;N, in a variety of plasma chemistries for
a local oxidation of silicon (LOCOS) process. After etching the SizN4 in either a
CHF3/CF4/Ar or CHF3/CF4/Ar/CO plasma, fluorocarbon polymer was left that roughened
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the surface. After removing the polymer, the underlying surface of the sample etched
with CO was rougher than the sample etched without CO. The addition of CO to the
plasma resulted in a thicker polymer that led to the enhanced roughening.

Agarwal et al’® examined roughness evolution in polyimide films during etching
in O plasmas. They found that the surface roughness scaled with the amount of material
etched, independent of the power, etching rate, or gas composition. They also found that
the roughness decreased at high pressure, which they attributed to collisional processes
within the sheath at high pressure that make the incoming ions less directional.

Constantoudis et al’’ investigated photoresist roughening in O, plasmas. They
found that processing in a high — density plasma (HDP) etcher gave smoother surfaces
than a reactive ion etcher (RIE), probably due to the better temperature control in the
HDP tool. As an aside, they also provide an illuminating discussion of various roughness
parameters used to describe both the vertical and lateral surface structure including the

RMS roughness (o), the fractal dimension (Dr), and Fourier analysis (spatial frequency).

1.3.2. Plasma Roughening of Features and Sidewalls

During plasma etching, reactive neutral species and energetic ions impinging on
the feature surface and sidewall impart morphological changes to the photoresist and the
emerging etched substrate. These topographical changes typically take the form of
“streaks™ or “striations” that propagate down the etched sidewall, forming anisotropic
roughness. In contrast, lithographic sidewall roughness is typically isotropic in nature,
typified by a globular morphology.

Figures 1.7 and 1.8 show schematically what these different roughness types look
like. These illustrations show an oxide substrate, coated with an anti — reflective coating
(ARC) and patterned with photoresist lines. The photoresist isotropic roughness has
become anisotropic after etching, with striations propagating down through the ARC
layer into the underlying oxide substrate (figure 1.8).

Real examples of this are shown in figures 1.9 and 1.10, which show AFM
images of both a patterned photoresist sidewall, and a sidewall following an oxide etch.
The significance of these particular images will be discussed in (exhaustive) detail later,

but for now, they are provided simply to give the reader a general idea of sidewall
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roughness morphology. The photoresist shows a characteristic globular structure, without
a significant directionality. However, the etched sample appears markedly different. The
sample after etching is characterized by striations that traverse the entire length of the
sidewall, and are correlated through all three different layers (photoresist, antireflective

coating, and oxide).

Resist Resist

ARC ARC 1l | THIH
Figure 1.7 - [Illustration showing patterned Figure 1.8 — Illustration showing how the
photoresist lines, with isotropic, globular sidewall ~preceding sample might appear following plasma
roughness. etching. The isotropic roughness has become

anisotropic, with correlated striations propagating
down the length of the sidewall.

Figure 1.9 — Atomic force microscopy image of a  Figure 1.10 — Atomic force microscopy image of a
photoresist sidewall after development. The similar sidewall after etching the oxide.
isotropic, globular sidewall roughness is readily ~Anisotropic etch striations are visible as described
apparent. above.

It is apparent that roughness evolution on features and sidewalls occurs differently
than on blanket films, and that the body of work described previously, while a decent
starting point, cannot capture the phenomena governing sidewall roughness and

anisotropic striation propagation. Unfortunately, the required investigations into feature
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scale roughness evolution on sidewalls (similar to those studies performed in the
lithography community) have received less attention.

Ren et al*® examined striation formation during SiO, feature etching in CF,
plasmas. They observed striations transferring from the photoresist into the oxide layer,
and attributed the cause to polymer deposition and sputtering. Etching the oxide in SFs
(without polymer deposition) resulted in smoother features.

Yahata et al** examined sidewall striation formation during Si trench etching in
HB1/SiF4/O,. They observed that rougher photoresist patterns seemed to generate rougher
sidewalls after etch. In another paper®, they examined the effect of varying the O2 gas
content. As the O, was increased, the roughness decreased, and then increased. While the
increase at higher O, fraction was attributed to the oxidation of the sidewall, an
explanation for the minimum was not offered. However, they did note that utilizing a
sacrificial oxidation (oxidizing the surface, followed by a strip) could smooth the
sidewall by 2/3.

Namatsu et al*' also examined sidewall roughness during the etching of Si
features, in this case in a chlorine electron cyclotron resonance (ECR) plasma source.
They noted the presence of correlated roughness on the resist and Si sidewalls after etch,
and attributed the striations on the Si to globular roughness in the initial resist structure.
However, they did not observe the time evolution of the sidewall roughness, so it is
unclear what the true source of the striations is.

Mahorowala et al*

investigated transfer etching of bilayer resist systems in O,
based plasmas. They found that the addition of SO, resulted in smoother sidewalls due to
surface passivation by the sulphur compounds. Increasing the wafer temperature also
allowed smoother etching.

Kim et al* examined the roughening of photoresists during nitride, oxide, and
polysilicon plasma etching processes. They noted two types of resist morphology changes
occurring, which they termed “striation” (our familiar etching streaks) and “wiggling,”
referring to a “zigzagged collapse of the photoresist during dry etching,” as they so
eloquently put it. They attributed striation formation in the resist to localized

agglomeration and evaporation of components from the resist, ion bombardment, and

fluorocarbon polymer deposition leading to microscopic variations in the etching rate.
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They attributed wiggling of the resist lines to the differing thermal response of the
photoresist and fluorocarbon polymers, eventually leading to collapse.

Rauf et al* modeled the effects of a photoresist trim process (an etching process
used to reduce the size of patterned lines to enable the fabrication of smaller gates) on the
photoresist roughness. They found that ion bombardment during the etching process
preferentially etches asperities (high points) on the sidewall as opposed to cavities (low
points), smoothing the surface. Their simulation highlighted the fact that high frequency
roughness is more easily smoothed by plasma etching than low frequency roughness, a
fact that was experimentally observed by Winkelmeier et al*>. They patterned artificial
LER into photoresists using direct write, and evaluated the spatial frequency of the
roughness both after lithography and etch by using different measurement “box sizes” on
digitized top — down SEMs. They determined that the LER reduction after etch was more
profound at higher spatial frequency.

Researchers investigating optical channel waveguide fabrication have been aware
of sidewall roughening during etch for a number of years, although their concerns are a
bit different from those in the microelectronics field. Sidewall roughness on channel
waveguides leads to propagation losses rather than device performance issues. Bazylenko
et al* examined sidewall roughness transfer during silica based channel waveguide
fabrication using both photoresist and silicon masks. They found that using a silicon
mask led to smoother sidewalls than a photoresist mask due to less mask roughening
during etch. Additionally, they found that increasing the temperature during the silica
etch (in CHF3/Ar) led to smoother sidewalls due to the reduced sticking probability of
polymerization species, leading to lower polymer deposition during the etch. Lee et al*’
found that employing a sacrificial oxidation led to smoother sidewalls in Si/SiO;
waveguide fabrication (similar to Yahata'®). They also modeled the effects of sidewall

roughness on waveguide losses*.

1.3.3. Consequences of Post — Etch Line Edge Roughness

Post — etch LER is undesirable for many reasons. For front end processing, the
LER present in the final etched gate can affect the implant profile of the source and drain

regions of the transistor, changing the effective gate length. Charge carrier mobility can
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also be degraded via scattering. On the back end, sidewall roughness can degrade the
resolution of contacts, interfere with the deposition of conformal liner materials, and

potentially lead to short circuits between adjacent metal lines or contacts (Figure 1.11).

Figure 1.11 — Top down SEM of rough contact holes. “Mousebite” defects, corresponding to sidewall
striations viewed on — end, are clearly visible. Additionally, the sidewall roughness has shorted out two
adjacent contact holes, which would lead to device failure.

However, experimental evidence directly documenting the effect of edge and sidewall
roughness on device performance is hard to come by, due to the difficulty of preparing
etched samples with a highly controlled roughness level. Therefore, most of these
insights have been accomplished through modeling and simulation. Diaz et al®
developed an analytical model that represents the effects of LER on the off — state
leakage current and drive current for sub — 100 nm devices. LER was found to greatly
enhance the amount of leakage current, particularly as the device gate length shrank
below 80 nm. Based on their model, they predicted that devices in the 0.1 um node with
gate lengths of 50 — 60 nm would require final a etched gate roughness less than 3 nm.
Oldiges et al’® modeled a 3D rough polysilicon gate by assuming that it consisted
of many 2D “slices,” each of a fixed length. They calculated the current passing through
each slice, added them up, and divided by the number of slices to obtain the average
current through the device. They applied a monte carlo simulation to determine the
effects of line edge roughness and nominal gate length on the transistor parameters. They
found that while the average I,n and I current were relatively independent of the gate
length, the variance of the parameters increased. Additionally, the I current average
value rose with increasing LER due to short channel effects. They validated these results

by comparing them to full 3 dimensional simulations.
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1.4. Scope of This Thesis

As the reader can see, efforts to understand the impact of plasma etching on
sidewall roughness have not received sufficient attention. While some studies exist, a
comprehensive investigation on the effects of processing parameters on roughness
transfer through all layers of a patterning scheme remains elusive. Work on industrially
relevant patterning schemes including advanced resist systems, hardmasks, etc, has not
been performed.

This thesis seeks to address some of these issues by providing an in — depth,
comprehensive study of the causes of sidewall roughness transfer through all stages of
patterning and processing (from the initial lithography, through the ARC etch, and
through the substrate etch). Whenever possible, real, industrially relevant samples are
examined, with some of the same resists, hardmasks, and substrates currently being used
in advanced manufacturing. The contributions of different resist materials and
compositions will be addressed, along with an exploration of the effects of various ARC
or hardmask open plasma chemistries and substrate etch chemistries. Roughening of low
— k dielectric films will be addressed, with caveats for successful integration. Most
important for manufacturing, potential strategies for improving roughness transfer based
on these results will be developed, both on back end (oxide) and front end (polysilicon)
processing. Finally, a new apparatus is described that will enable a fundamental study of
roughness development and striation formation by allowing a decoupling of processing
parameters impossible to achieve in a conventional plasma etcher.

I hope you find the following work as enlightening and thought provoking as I do.

Please read on, and enjoy!
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Chapter 2 — Experimental Equipment

2.0. Introduction

This chapter will provide a brief discussion of the various experimental
processing apparatus, diagnostics, and analytical techniques used in this thesis.
Experimental processing equipment includes various industrial and home — built plasma
etchers, lithographic photomasks, and a home — built realistic plasma beam source.
Diagnostics on the beam source include an attached ion flux analyzer and ion energy
analyzer. Analytical techniques include atomic force microscopy (AFM), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and variable angle
spectroscopic ellipsometry (VASE).

2.1. Processing Apparatus

2.1.1. Plasma Etchers

A plasma is a partially ionized gas with a sufficient charge density such that the
charged particles interact with coulombic forces coupling charged particles to neighbors,
creating a fluid — like behavior. A plasma etcher typically uses RF energy to dissociate a
reactant gas into reactive ions and neutral radical species. The ions directionally impinge
on the sample surface due to the formation of a plasma sheath, allowing directional
etching of features.

Four different plasma etchers were used for various experiments in this thesis. A
home — build inductively coupled etcher located in the Sawin laboratory at MIT was used
for blanket film etching. Patterned samples were etched on one of three industrial etchers.
A LAM 9400SE and LAM 4520XL (LAM Research) were located at the IBM TJ Watson
Research Center in Yorktown Heights, NY. Additionally, a TEL DRM (Tokyo
Electronics) was located in the IBM Advanced Semiconductor Technology Center (IBM
ASTC) in East Fishkill, NY.

The home — built inductively coupled etcher is shown schematically in figure 2.1.
It consists of a 10” diameter stainless steel reactor pumped by a Leybold Turbovac 361C
corrosive service turbomolecular pump. 4” wafers can be loaded through an integral load

lock. The chamber base pressure is monitored with an ionization gauge and is typically
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maintained at 10 torr. The chamber is topped with a quartz plate. A 3 — turn planar
copper coil is placed on the plate, and is powered at 13.56 MHz (Comdel CPS-500A RF

power supply) via a matching network. The bottom electrode is independently powered at

F 13.56 MHz
=
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Figure 2.1 — Schematic of home — built inductively — coupled plasma etcher used in this work.

4 MHz (Comdel CX-2000 RF power supply) to minimize cross — talk with the upper
power supply via a second matching network, to control the ion bombardment energy to
the wafer. The bottom power and matching are varied to achieve the desired wafer bias.
Circulating cooling water at approximately 15 °C through the electrode controls the
temperature. Wafers are mechanically clamped using a heavy clamping ring that can be
raised and lowered with a linear motion feedthrough. He gas is supplied to the wafer
backside (10 — 20 torr) to enhance thermal contact with the cooled electrode. Wafers
typically experience a temperature rise to approximately 50 °C during processing.

The LAM 9400SE etcher is an inductively — coupled tool typically used for
polysilicon etch. It is very similar in configuration to the home — built etcher (many of the
parts were originally salvaged from an older LAM Rainbow TCP tool). The main
differences (besides such niceties as computerized touch — screen controls and robotic
wafer handling) include the wafer size and clamping mechanism. The LAM 9400 etches

8 wafers, and has electrostatic (rather than mechanical) clamping.
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The LAM 4520XL etcher is a capacitively — coupled parallel plate tool typically
used for oxide etch. The TEL DRM is similar, but uses a magnetic field to enhance the
plasma density. The field is set up by permanent magnets, which are rotated at ~ 1/3 Hz

to improve the uniformity.

2.1.2. Realistic Inductively Coupled Plasma Beam Chamber

The realistic plasma beam chamber allows for the independent control of ion
bombardment energy and ion impingement angle with any desired sample type and
plasma chemistry, enabling a decoupling of parameters impossible to achieve in a

conventional plasma etcher. It is described in detail in Chapter 7, section 7.2

2.1.3. Lithographic Photomasks

The basic lithographic process was outlined in Chapter 1. Incident radiation is
passed through a photomask with opaque and transparent regions outlining the desired
circuit features to be patterned onto a light sensitive polymer layer called photoresist.
Exposed areas undergo a chemical deprotection and/or crosslinking that changes the
solubility characteristics of the resist. After a subsequent (typically wet) development
step, either the exposed areas (for a positive — tone resist) or the unexposed areas (for a
negative — tone resist) wash away, leaving areas masked for the following etching step.
Figure 2.2 shows a schematic of lithographic patterning via both positive and negative
tone resist processing.

Two different photomasks were used to produce patterns of various dimensions for
experiments in this thesis. The first is referred to herein as the “ARPAN” mask. This was

a chrome — on — glass reticle with four different fields, with the following patterns:

1) Dense (1:1 pitch) lines / spaces, 150 nm wide

2) Isolated (1:8 pitch) lines / spaces, 150 nm wide

3) Dense (1:1 pitch) contact holes, 150 nm diameter
4) Isolated (1:8 pitch) contact holes, 150 nm diameter

A schematic of the mask is shown in figure 2.3. In this work, only the dense lines / spaces

were used.
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Unfortunately, this photomask only has a single feature size available (150 nm).
In order to produce patterns with a smaller dimension, a second mask was fabricated.
This new mask, referred to as the “DARPA” mask, was also chrome — on — glass. It had
sixteen 4 mm x 4 mm fields with line / space patterns and contact holes of various pitches

and dimensions and is illustrated in figure 2.4.

Positive — Tone Process

Negative — Tone Process

Figure 2.2 — Illustration of positive tone (a-c) and negative tone (d-f) lithographic patterning process.
a) A positive tone resist is exposed through a photomask. b) The exposed areas undergo deprotection,
becoming soluble in the developer. c) After development, a positive (same as the mask) image is
patterned .d) A negative tone resist is exposed through a photomask. €) The exposed areas crosslink,
becoming insoluble in the developer. f) After development, a negative (opposite of the mask) image is
patterned.

It should be noted that the line/space patterns on the DARPA were reversed when
fabricated, with opaque regions in place of transparent, and vice — versa, resulting in a
negative image produced in the resist. For the dense (1:1) lines, this makes no difference,
but for the isolated pattemns, it resulted in the production of “isolated spaces™ rather than
isolated lines (see figure 2.5). For this thesis, only dense patterns were used (150 nm and
110 nm), but any future users of this mask who are interested in isolated patterns should
pay careful attention when using it. Both the ARPAN and DARPA photomasks currently
reside at either the IBM TJ Watson Research Center in Yorktown Heights, NY, or the
IBM ASTC in East Fishkill, NY.
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Figure 2.3 — Schematic of the “ARPAN” photomask. The four printed fields were approximately 12
mm square, with 150 nm features in dense and isolated lines / spaces and contact holes, as indicated.

The patterns in the figure are for illustrative purposes only, and are not to scale. In this work, only the
dense line / space quadrant was used.
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Figure 2.4 — Schematic of the “DARPA” photomask. The upper numbers in each field refer to the
pattern pitch (1:1, 1:2, or 1:8). The lower number refers to the line width or hole diameter in nanometers.
CA refers to contact holes. In this work, both the 1:1 150 nm and 1:1 110 nm line /space patterns were
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Figure 2.5 —120 nm isolated space produced with DARPA mask due to a mask printing error.

The ARPAN mask was used for 248 nm (KrF) lithography, and was exposed on
an ASML 0.63 numerical aperture (NA) stepper with annular illumination located at IBM
in Yorktown Heights. The DARPA mask was used for both 248 nm and 193 nm (ArF)
lithography. The 193 nm stepper was an ASML 0.75 NA with annular illumination,
located at the IBM ASTC in East Fishkill, NY.

2.2. Diagnostics

Both a gridded ion energy analyzer (IEA) and an ion flux analyzer (IFA) were

used to characterize the plasma beam. They are described below

2.2.1. Gridded Ion Energy Analyzer

A section — view schematic of the gridded ion energy analyzer is shown in figure
2.6. It was designed in a similar fashion to the one described by Vitale'. A stainless steel
can with a 0.375” orifice on the top is acts as a grounded shield. Inside the can, there are
two grid plates and a collector plate, all separated and isolated from the ground shield by
alumina washers (Superior Technical Ceramics, 2-56 Al,O; washer, 0.25” diameter,
0.032” thick). The grid plates each have a 0.5” orifice, covered with stainless steel mesh
(Buckbee Mears 5-1-4, 0.005” holes, 0.006” thick, 27% open area), while the collector
plate is a solid stainless steel disk. Ceramic screws (Superior Technical Ceramics 2-56
Al,O5 screw) are used to assemble the parts together. Electrical contact to the grid plates
and collector is made by 4 BNC electrical vacuum feedthroughs with kapton coated

vacuum wire. The entire assembly is mounted on a linear motion feedthrough to allow it

52



to be moved into the beam at the chamber center, and backed out of the way when not in

use.
1.4in
+ >
Alumina 0.375in
— >
Washers
0.032” \ e- repeller
. grid
mn
N 0.5 d

Ion cnergy

e m@ L1 dlscrlgr:;gmtor
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Figure 2.6 — Scction view of the gridded ion energy analyzer. It consists of a stainless stcel ground shield
containing 3 grid plates and a collector plate. The upper grid is biased at —25 V to repel electrons The second grid
voltage is swept, setting up a potential energy barrier. Only ions with an energy greater than the sweep voltage will
pass through to be measured at the collector. By measuring the ion current as a function of the sweep voltage on
grid # 2, the ion energy distribution is determined.

The upper grid is connected to a DC power supply, and biased slightly negative (-
25 V) to repel electrons. lons enter the orifice of the ground shield, and pass through the
upper grid. The lower grid is connected to a second DC power supply and biased
positively with a sweeping voltage. This sets up a potential barrier to the incoming ions.
Only ions with an energy greater than the sweep voltage on grid # 2 will pass through to
be measured at the collector, which is connected to a picoammeter (Keithiey model 485).

The ion energy distribution function (IEDF) is determined by measuring the

collected current as a function of the sweep voltage on the second grid. The measured I-V

characteristic is equivalent to the integrated IEDF, ie:
v

1) = [f(E)E @.1)
0

where f(E) is the IEDF. Thus, the IEDF can be obtained by differentiating the measured
I-V curve. Figure 2.7 shows a representative [-V characteristic and IEDF obtained with

the IEA.
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Figure 2.7 — Characteristic I-V curve of Ar plasma beam with 250 V DC bias applied to the plasma.
The peak position is slightly higher than the applied DC bias due to the plasma self — biasing.

2.2.2. Ion Flux Analyzer

A section — view schematic of the ion flux analyzer (IFA) is shown in figure 2.8.
It consists of a grounded stainless steel top plate with a 1 mm orifice, and collector plate
that is electrically isolated from the IFA via ceramic washers and nylon 0-80 screws. A
grounded aluminum shield surrounds the IFA to prevent ion flux from the sides to be
measured at the collector. The entire assembly is held together by four 8-32 screws. A
kapton coated vacuum wire is spot welded to the collector, and is electrically connected
to a picoammeter via a floating BNC electrical feedthrough. The picoammeter is

connected to a DC power supply and floated with a —25 V potential to repel electrons.

15in
Imm hd 0-80
orifice nylon
screws
j 1L -
grounded U \H\
Al shield ™, _—
™~ collector
o - - = = - -
M

Figure 2.8 — Section view of the ion flux analyzer. The ion current passing through the orifice is
measured at the collector via a floating picoammeter. By dividing the measured current by the orifice
area, the ion flux is determined.
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The ion flux is directly measured by dividing the measured beam ion current by the
orifice area.

The IFA is mounted on an XYZ stage. This enables the IFA to be moved to the
side when not in use. Additionally, since the orifice diameter is much smaller than the
beam diameter, spatially resolved beam current uniformity maps can be collected.

Examples are shown in Chapter 7.

2.3. Analytical Techniques

A variety of analytical techniques were used to collect the data in this thesis. They
include Atomic Force Microscopy (AFM) for roughness measurements, X — ray
Photoelectron Spectroscopy (XPS) for surface composition measurements, Variable
Angle Spectroscopic Ellipsometry (VASE) for film thickness measurement, and

Profilometry for step height measurements.

2.3.1 Atomic Force Microscopy

Several atomic force microscopes (Digital Instruments / Veeco 3100) located both
at IBM in Yorktown Heights, NY, and at the MIT Center for Materials Science and
Engineering, were used to collect surface roughness measurements.

A schematic of the 3100 AFM operation is shown in figure 2.9 (adapted from the
Veeco Scanning Probe Microscopy Training Notebook?). Piezoelectric scanners in X, Y,
and Z maneuver a micromachined silicon cantilever with a sharp tip over a sample. The
cantilever is oscillated at or near its resonance frequency, typically in the range of 200 —
400 kHz at an amplitude of ~ 20 — 100 nm. By reflecting a laser off the oscillating
cantilever onto a photodiode, the amplitude is monitored. As the tip interacts with the
sample surface, the amplitude changes. By setting a desired cantilever amplitude, the
photodiode signal acts as an input to a feedback loop that actuates the Z — scanner to keep
the amplitude constant, moving the tip nearer or farther away from the sample as needed.
Thus, by recording the Z — scanner height as a function of the position, the local
topography of the surface can be measured with great precision and resolution, allowing

quantitative analysis of the surface roughness.
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Figure 2.9 — Digital Instruments 3100 Tapping Mode AFM operation. A silicon cantilever with a sharp
tip is oscillated at or near its resonance frequency (200 — 400 kHz) at a desired oscillation amplitude,
“tapping” the sample surface. As the tip interacts with the surface, the amplitude will change. The
amplitude is monitored by reflecting a laser beam off the cantilever onto a photodiode. The photodiode
signal is used as the input to a feedback loop that actuates the Z — scanner, continually adjusting the
height of the tip above the sample such as to keep the amplitude constant. By recording the Z — scanner
height as a function of position, the topography of the sample is measured.

While several different varieties of cantilevers are available, Tapping — Mode
Etched Silicon Probes (TESPs) were used for data collection. These cantilever probes are
etched from single crystal silicon and have a regular, controlled tip geometry, with a tip
radius of curvature of approximately 10 nm. Having a sharp tip is important as it
ultimately limits the resolution of the AFM, since the images obtained are actually a
superposition of the tip geometry and the local sample topography (figure 2.10). See

chapter 3 for a more thorough discussion of tip size effects on AFM images.

Resulting
Image

Broad a) Narrow b)
Surface Surface
Feature Feature

Figure 2.10 — AFM images are a convolution of the local sample topography and tip geometry. If the
surface feature is larger than the tip (a), the image is dominated by the sample, although tip features
appear (for example, the rounded corners at the top). If, however, the sample feature is narrower than the
tip point (b), the result will be an image mainly of the tip itself, rather than showing the true sample
surface.
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2.3.2. X—Ray Photoelectron Spectroscopy (XPS)
XPS is a sensitive analytical technique that characterizes a sample’s surface

composition by irradiating it with X-rays and analyzing the kinetic energy of
photoelectrons emitted. The binding energy of the electrons is related to the kinetic
energy by:

KE = hv-BE (2.2)
where KE = measured kinetic energy of the photoelectrons, BE = binding energy of the
photoelectrons, and hv = energy of the incident X—rays (ignoring work function effects).
Thus, if the energy of the X-rays is known, the binding energy of the electrons and
hence, the chemical identity of the surface species, can be identified. Typically AlKa
(1486.6 eV) or MgKa (1253.6 ev) X — rays are used. For an excellent resource on XPS,
see Perkin — Elmer’s Handbook”.

A schematic of a typical XPS setup is is shown in figure 2.11. X — rays from a
source impinge on a sample, releasing photoelectrons from the surface. An electron
energy analyzer measures the kinetic energy of the electrons. Typically, the sample can
be rotated to change the take — off angle 6 between the sample surface and the electron

energy analyzer, allowing the acquisition of depth—-dependent compositional information.

Alka or Mgka
X-rays

Electron Energy
Analyzer

Sampling Depth

Figure 2.11 — Schematic of typical XPS operation. X — rays impinge on a sample surface, releasing
photoelectrons that are detected by an electron energy analyzer. By measuring the kinetic energy of the
electrons, the chemical composition of the surface can be determined.

While the Sawin Laboratory does possess an XPS apparatus, the instrument used in this

thesis was a Kratos AXIS Ultra Imaging XPS located in the MIT Center for Material

57



Science and Engineering. This was for the purpose of enhanced throughput, since the
Kratos possesses automation enabling the rapid acquisition of data from up to 15 samples

sequentially.

2.3.3. Variable Angle Spectroscopic Ellipsometry (VASE)

Ellipsometry uses the change in the polarization of light reflected from a sample
surface to determine the optical constants or thickness (or both) of the film. Typically, the

ellipsometric parameters measured are ¥ and A, which are related to the Fresnel

reflection coefficients ﬁp and R for p— and s— polarized light, respectively, by the

following equation:

%tl SN

= tan (') & 23)

Once ¥ and A are measured as a function of wavelength, an optical model is constructed
to fit the data. This model contains such parameters as the light wavelength, polarization
state, angle of incidence, the film optical constants, and the film thickness. If the optical
constants are already known, the film thickness can be determined with great accuracy by
fitting the model to the measured ¥ and A.

Film thickness was measured with a J.A. Woollam M2000 Spectroscopic
Ellipsometer with Variable Angle Stage, equipped with WVASE32 software. The system
consisted of a light source, monochromator, collimating optics, polarizer, sample stage,
rotating analyzer, and a detector. It acquired data with light wavelengths from 2600 to
7200 angstroms at 20 angstrom intervals, at 65°, 70°,and 75° incident angles. A Cauchy
model for the film optical constants was developed for each film by fitting the data for a
sample with a known film thickness. Once determined, the optical constant models were
fixed, and films with unknown thickness (for example, after etching) could be analyzed.

J.A. Woollam’s “A Short Course in Ellipsometry* contains a very nice primer on VASE.
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Chapter 3 — Observation and Quantification of Depth — Dependent Sidewall
Roughness Transfer During Antireflective Coating / Hardmask Open and Oxide
Etch.

3.0. Abstract and Introduction

In this chapter, an atomic force microscopy (AFM) technique is described, that
allows the quantification of sidewall roughness on a feature, after any stage in processing,
as a function of depth. Thermal oxide wafers are coated with various antireflective
coating (ARC) or hardmask films, and then patterned with either a 248 nm (KrF), or 193
nm (ArF) resists (a 193 nm bilayer system is investigated as well). The depth dependent
SWR is quantified after each stage in the processing (initial lithography,
ARC/hardmask/underlayer etch, and oxide etch). The initial 248 nm lithography sidewall
morphology is isotropic in nature with a 3-5 nm 1-c RMS roughness, and is relatively
constant as a function of depth. After the ARC/hardmask etch, however, the sidewall
morphology takes on an anisotropic characteristic, with striations created by ion
bombardment. During a subsequent oxide etch, these striations transfer into the oxide
sidewall, the anisotropic topography created during the ARC/hardmask etch casting the
morphology of the oxide layer beneath.

While all resist systems are about equivalent from a roughness standpoint after the
ARC/hardmask etch, they show variation after oxide etch. On the 248 nm resist
platforms, hardmask and Si containing ARC samples allow more roughness transfer
during an aggressive oxide etch than organic ARC samples, perhaps due to the
polymerizing nature of the Si ARC / hardmask open chemistry, or to compositional
differences between these films as compared to the organic ARC. On the 193 nm resist
platforms, a less aggressive (higher pressure, lower ion bombardment) oxide etch was
required due to the lower etch resistance versus 248 nm systems. However, this gentler
oxide etch allowed the oxide to be opened relatively smoothly regardless of the resist
type, leaving the post — etch oxide SWR comparable to that obtained with 248 nm
organic resist/ARC. These results indicate that the SWR on the oxide substrate can be
maintained within reasonable limits, as long as the increasing resist/ARC roughness does

not extend to the oxide interface.
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3.1. Atomic Force Microscopy of Sidewall Roughness

A methodology consisting of directly scanning the sidewall of a patterned trench
was used to quantify the magnitude and extent of SWR in on the feature as a function of
depth. This technique, used previously to quantify sidewall roughness in chemically
amplified photoresists'?, vividly highlights the structural nature of the post-etch sidewall
allowing any potential spatial correlations between different layers to be identified. In
this study, it enabled a simultaneous calculation of the two — dimensional SWR of the
resist, ARC/hardmask layer, and oxide substrate surfaces. The evolution of the SWR of
the patterned structures was followed throughout consecutive etch processes, and

morphological changes to the resulting topographies were analyzed.

3.1.1. AFM Methodology

With the current photomask configuration (non-offset patterns), the AFM
technique can only be applied to a dense (1:1) line / space pattern, because there is no
way to guarantee that the cleave will be near enough to an isolated line to allow analysis
via AFM (the photomasks used in this work are described in chapter 2). The line / space
field, after any stage in processing, is scribed and cleaved by eye (parallel to the pattern)

to expose the sidewall surface (figure 3.1). The sample is then carefully turned “on end”

AFM Cantilever Tip

Slow scan

dircy

ast scan
direction

Cleave Para.llel to Lines

Figure 3.1 - Schematic of dense line/space pattern Figure 3.2 - The cleaved sample is turned 90° on
after final oxide etch. The sample is carefully end. The AFM cantilever can then image the
cleaved parallel to the pattern, exposing the exposed sidewall.

sidewall for analysis
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in a special sample holder to expose the sidewall. Using extreme caution, the AFM
cantilever tip is brought down on the cleaved sample surface, and then slowly offset to
access the exposed sidewall surface. The AFM fast scan is performed from the top of the
line to the bottom, while it is slowly rastered laterally across the line, eventually
producing an image of the sidewall (figure 3.2).

Due to the shape of the AFM tip, the bottom of the line feature may be
“shadowed,” where the solid angle of the tip prevents access. A schematic of this is
shown in figure 3.3. Therefore, a 10° sample tilt was used to access more of the sidewall
bottom (figure 3.4). Greater sample tilting is inadvisable, as sample tilt beyond 10° can
introduce artifacts into the image such as inflated roughness values and enhancement of
higher frequency roughness components at the expense of lower frequency components3 :
However, due to the pyramidal shape of the AFM tip in excess of 10°, it was not possible
to eliminate all tip shadowing from these results, and the extreme bottom of the sidewalls

could not be accessed (~50-100 nm, depending on where the sample cleaved).

Scan Direction

Tip Slips
off Edge

J

Portion of Portion of

Sidewall Sidewall
Shadowed Imaged
by Tip

Figure 3.3 - Schematic of AFM tip "shadowing" effect Figure 3.4 - Tilting the sample can allow greater
at the bottom of the sidewall. Note that the solid angle AFM tip access to the sidewall bottom

of the tip cone, coupled with the height of the cleaved

portion, prevents the extreme bottom of the sidewall to

be imaged.

Figure 3.3 also shows that the AFM tip can “slip” off the line edge. This will lead
to artificially enhanced roughness measurements near the top of the line. To avoid it, the
datasets were carefully observed and truncated so that only areas truly imaged by the tip

were included in the analysis.
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At various stages in processing (post-litho, post-ARC/HM open, and post oxide
etch), the samples were cleaved and analyzed on a Digital Instruments Dimension 3100
AFM in tapping mode. Figure 3.5 shows the process stages where analysis was
performed. Instruments were located both at the IBM TJ Watson Research Center in
Yorktown Heights, NY, and at the MIT Center for Materials Science and Engineering in
Cambridge, MA. Commercially available Tapping-Mode Etched Silicon Probes (TESPs)
were used. These tips have a standard, controlled tip geometry, with a tip radius of
curvature of ~10 nm. A new tip was employed before each AFM session, and used to
analyze between 1-4 samples. Tip wear was monitored by visually examining successive
images from the samples and in general, was not a concern. Damage did occur on
occasion, primarily from accidental contact with the surface. In these cases, the tip was

changed, and a new portion of the sample was imaged.

Resist

ARC and/or Hardmas

Sio,

Si Substrate

Lithography ARC-open Oxide etch

Figure 3.5 - Process flow. AFM roughness measurements were taken after each step.

Each image was 1 um x 1 um, and consisted of 256 linescans, each containing 256 data
points for a minimum pixel — to — pixel distance of ~3.9 nm. Planefitting was applied to
the sidewall portion of the images to correct for tilt and offset. A 1% order planefit was
applied in the fast scan direction (down the sidewall) to correct for the sample tilting,
while either a 2" or 3" order planefit was applied in the slow scan direction (across the
sidewall) to correct for piezo and thermal drift effects.

After planefitting, the root-mean square (RMS) roughness was calculated for
each line profile along the sidewall, yielding information on the SWR magnitude as a

function of depth. The RMS roughness was calculated as:
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RMS=[lZ(zi -2)2} (3.1)
n-

where n = # of data points in profile or surface (256 in each profile across the feature), z;
= height of i data point, and Z = average height of all data points. It is quite easily seen
that the RMS roughness is simply the standard deviation of the heights of the data points,

and can be applied to both line profiles and 2-D surfaces.

3.1.2. AFM Tip Filtering Effects’

The image produced by the AFM is actually a convolution of both the sample
topography and the tip geometry. The finite tip curvature will limit the ultimate resolution
of any topographical features on a smaller scale (see Villarrubia® for a thorough
discussion of AFM tip convolution effects). A simple example of this can be observed by
convolving a sinusoidal surface with a spherical tip (figure 3.6). The tip represented by
the small circle can fully access the sample topography. However, a tip represented by
the larger circle cannot fully describe the sample, and will filter the image to some extent.

Figure 3.7 shows the effect of increasing the tip radius of curvature on the resulting

Figure 3.6 - Illustration of AFM tip filtering. The Figure 3.7 - Effect of increasing the tip radius of
small tip (solid circle) can fully access the sample curvature. Traces closer to the sample surface
topography, while the larger tip (dotted circle) correspond to smaller tip sizes

cannot.

image, showing that filtering increases with increasing tip radius. Sample valley regions
take on “inverted” peak shapes, while asperities become round protrusions. For the case
of a spherical tip of radius R imaging a sinusoidal surface, we can describe the form of
the filter function. In the valley region, the shape of the sinusoid y is given by :

1(2nx
ray( 2] 2
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where A = amplitude, and P = period. The circle shape is given by:

XZ
o 33
Y‘[ZRJ (3.3)
By equating the circle curvature with the sample shape, we arrive at:
1
As—rr— (34
(2zf)' R
where f = frequency = 1/P. Finally, the power spectrum filtering can be obtained via:
1
Af=— (3.5
| ' ( 27[ f)4 R2

The extent of filtering can be determined by performing a spatial frequency analysis of
the topographical AFM image. Typically, the power spectrum density (PSD) coefficients
are plotted as a function of spatial frequency on a log — log plot (the PSD coefficients are
simply the square of the Fourier coefficients). The filtering threshold (or cut — off)
frequency can thus be identified by the point at which the slope of the PSD plot
approaches —4, beyond which the finite tip size begins to distort the image. In this work,
1-D PSD plots generated from sidewalls typically showed strong contributions to the
SWR from low — frequency components (~1 — 30 cycles/um), with a cut — off frequency
of ~ 30 cycles/um. This indicates that surface feature with a periodicity below 33 nm
were filtered to some extent.

The determination and consequences of tip filtering are best demonstrated by
example. Figure 3.8 shows a representative sidewall line profile (measured across the
sidewall surface). A visual examination reveals a partially filtered morphology
characterized by inverted peaks and rounded protrusions (cross sections of striations
traversing down the sidewall). This profile was taken from an etched sample, and has an
RMS roughness of 3.56 nm. The data is discretized into 256 data points over a 1uym
length, for a sampling rate of 256/pm. The highest frequency available to analyze is the
nyquist frequency, equal to one-half the sampling rate, or 128 cycles/pum.

Figure 3.9 shows the PSD calculated for this profile. Note that at low frequencies,
the PSD is relatively flat, indicating that no tip filtering is occurring. The cut — off
frequency is clearly visible around 30 cycles/um, beyond which the PSD falls of with a
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slope of —4 (shown by the solid line). This indicates that, for features with a spatial
periodicity smaller than ~33 nm, tip filtering occurs.

We can get a further estimate for the impact of filtering by examining the
contribution of each spatial frequency to the RMS roughness measurement. We make use
of Parseval’s theorem, which demonstrates the equivalence of the RMS value of a signal
in either the spatial or frequency domain. For our purposes, we can write Parseval’s

theorem as:
1 N-1 B N/2
Sl = S
n=0 k=0

where N = total # of data points in the profile, n =

(3.6)

n"™ data point, x, = height
corresponding to the n™ data point, k = k™ frequency component with k = N/2 = nyquist

frequency, Py = PSD value at k™ frequency, and Af = frequency resolution.
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Figure 3.8 — Representative AFM profile taken Figure 3.9 — Power spectrum density of the profile

across an etched sample. Note the filtered
morphology characterized by inverted peaks at the
low points, and rounded protrusions at the high

in figure 3.8. The PSD is flat at spatial frequencies
below ~ 30 cycless/mm (features > 33 nm).
However, at higher spatial frequencies, tip filtering

points. is evident as shown by the —4 slope of the plot.

The term on the left is simply the RMS roughness (assuming the profile is mean —
centered about zero). Therefore, by changing the limits of the summation on the right

hand term, we can calculate the cumulative contribution of each frequency component to

the total RMS roughness:

RMS, =[5 oy

(3.7)
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where RMSy = cumulative RMS roughness corresponding to the frequency components
from 0 to k. Figure 3.10 shows the cumulative RMS roughness as a function of spatial
frequency for the profile shown in figure 3.8. We see that the vast majority (over 96%) of
the measured RMS roughness is accounted for by the lower frequency components
(below 30 cycles/um). This demonstrates that, as long as our main sidewall features are
below the cut — off frequency, we should be able to capture their impact in the RMS
roughness. However, features with a spatial periodicity greater than the cut — off

frequency are suppressed.
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Figure 3.10 — Cumulative RMS roughness as a function of spatial frequency for the profile shown in
figure 3.8. The flat line shows the total RMS roughness of the sample (3.56 nm). We see that the
majority of the RMS roughness (96%) is accounted for by the lower frequency components (below 30
cycles/pum).

Cumulative RMS R

Now that the extent of tip filtering can be quantified, we would like to know how
much of a concern it actually is. Fortunately, it is generally found that features with a
high spatial frequency (small features) tend to be of smaller amplitude than low
frequency features. This is shown conceptually in figure 3.11. If this were not the case,

we would observe closely spaced, thin, fin — like protrusions traversing down the

a)/\/\/\ AW

Figure 3.11 — Low frequency features (a) tend to have larger amplitude, while high frequency features
(b) tend to have smaller amplitude.
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sidewall, which would be unphysical and does not occur. Therefore, even though tip
filtering limits the observation of high — frequency roughness components, due to this
amplitude variation they tend to be unimportant anyway. Additionally, the major features
generated during the etching processes described in this thesis tend to be at spatial
frequencies smaller than the cut — off, in the range of 20 — 10 cycles/pum (50 — 100 nm).
Based on this, we conclude that, though unavoidable, tip filtering does not greatly

influence results obtained via AFM of feature sidewalls.

3.2. Roughness Transfer on 248 nm Positive Tone Resist/ ARC platforms

Image formation of a positive tone chemically amplified resist structure is based
on dissolution rate differences between exposed (deprotected) and unexposed (protected)
regions. All physical changes occur in a spatially isotropic fashion, and therefore the
topography associated with the sidewall of a developed resist line does should not show
any preferential orientation. An exception to this can occur under conditions in which the
ARC layer thickness is non-optimized, leading to the formation of standing waves in the
resist line that will show up as ripples traversing across (rather than down) the sidewall.

Thermal oxide substrates were coated with various ARC or hardmask films, and
then patterned with ~600 nm of a 248 nm environmentally stable chemically amplified
photoresist (ESCAP) in a nominal 150 nm dense (1:1) line/space pattern on 8” wafers,
using the “ARPAN” chrome — on — glass photomask described in chapter 2. The samples
were exposed using a KrF 0.63 NA ASML stepper with annular illumination. Exposures
were performed at the IBM TJ Watson Research Center in Yorktown Heights, NY.
Exposure doses ranged from 22 — 24 mJ/cm’ depending on the ARC or hardmask used.

3.2.1. Organic ARC
Antireflective coatings (ARCs) are typically highly absorbing polymeric films,

coated underneath the photoresist layer. These films minimize reflection of the exposure
radiation, which if left unchecked can interfere with the incident radiation within the
resist film, leading to standing wave formation®. The ARC thickness must be carefully
tuned to the resist type and exposure wavelength, with a non-optimized ARC thickness
creating standing waves. The thickness tuning is accomplished by investigating the
reflective properties of the resist/ ARC system as a function of the ARC thickness.
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Figure 3.12 shows typical reflectance curves for an ARC as a function of
thickness on both Si and SiO, substrates. The reflectance varies with the ARC thickness,
reaching several minimums (the “interference” mode), and finally approaches a low
constant value when the thickness gets very large (the “matched” mode). While a thick
ARC might be desirable from an optical properties standpoint, from an etch perspective
we would like to keep the film as thin as possible. Therefore, for processing the ARC
thickness is generally chosen in the interference region, at the point of the second

minimum in the curve.
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Figure 3.12 — Reflectance curves for an ARC film on Si and SiO, substrates. Note the reflectance varies
greatly as a function of ARC thickness. The appropriate thickness is generally chosen at the point of the
second minimum in the curve.

3.2.1.1 - Organic ARC, initial Lithography

90 nm of an organic ARC material was coated onto thermal oxide wafers, and
then patterned with a 248 ESCAP resist as described above with a dose of 22.5 m)/cm?,
Figures 3.13 and 3.14 show a cross sectional SEM of the patterned resist line/space
pattern, and a sidewall AFM image, respectively. A slight standing wave can be observed
in both the cross section and the AFM image, indicating a non-optimized ARC thickness.
Discounting this irregularity, the remaining roughness is indeed isotropic and globular,
without a preferential vertical orientation (i.e., no striations). The AFM captures
approximately 490 nm of the resist sidewall (~125 linescans), leaving ~100 nm shadowed

by the AFM tip (indicated on figure 3.13). Using all points imaged on the sidewall, the
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RMS roughness of the whole surface is ~3.9 nm (slightly elevated due to the presence of

the standing wave).

Tip 02 e
18.PkV Xlaak ' ‘38@nm Shadowing ** %

Figure 3.13 — Cross sectional AFM of initial 248 Figure 3.14 — Sidewall AFM image of initial 248
lithography on organic ARC. Note the presence of lithography. The SWR is isotropic in nature, with an
a slight standing wave, indicating a non-optimized RMS value of 3-5 nm, depending on location. Note the
ARC thickness. tip shadowing at the base of the sidewall

Figure 3.15 shows the RMS roughness for each linescan traversing down the
sidewall. We see that it fluctuates between 3-5 nm, but aside from this variation remains

fairly constant as a function of depth.
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Figure 3.15 — RMS roughness as a function of depth for the resist line. The top of the feature is to the
right of the plot, while the bottom is to the left. The RMS roughness fluctuates between 3-5 nm, and
remains fairly constant down into the feature.
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3.2.1.2. Organic ARC Open

After patterning, an etching step is required to open the ARC layer and expose the
underlying oxide substrate (see figure 3.5). To enhance the etching rate and selectivity,
and to control the critical dimension (CD) and profile, a sizeable bias voltage to the
sample is typically used. The bias imparts directional ion bombardment, which assists in
rapid, direct etching and the formation of perpendicular profiles. However, this very
“physical” etching process also leads to the formation of striations on the sidewall,
perpendicular to the substrate plane.

A N,/H, based plasma, with ion bombardment, was used to etch the organic ARC
film. The etch was performed on a LAM 4520-XL500 etcher located at IBM TJ Watson
Research Center in Yorktown Heights, NY. The etching conditions are listed in Table
3.1, row 1.

Figure 3.16 shows an SEM cross — sectional micrograph of the line features after
the organic ARC open etch. Faceting due to ion bombardment is clearly visible at the top
of the resist (indicated by the sloped profile at the top of the line). We might expect,
therefore, that the sidewall will be rougher at the top than at the bottom, taking on a
depth-dependent characteristic.

Figure 3.17 shows an AFM sidewall image of a feature after the organic ARC
open etch. Again, the facet is visible at the line top (to the right of the AFM image). We

Faceting

ARC

18.8kV X188k ~"3B8nm 08 N

Figure 3.16 — Cross sectional SEM of sample Figure 3.17 — Sidewall AFM image after N, — H,
after N,-H, organic ARC open. Note the resist organic ARC open. The morphology of the sidewall
faceting at the feature top due to ion has been transformed during the etching process,
bombardment. with anisotropic etch streaks now present.
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observe that the morphological structure of the sidewall has been transformed. The
isotropic structure that was present post-litho has been eliminated, with ion bombardment
during the ARC open imparting striations, perpendicular to the sample sidewall.

Figure 3.18 shows the RMS roughness calculated as a function of depth for the
sidewall shown in figure 3.17. It confirms the supposition of a depth — dependent
roughness, with the top of the line rougher than the bottom due to ion bombardment. The
sidewall grows smoother as the depth increases, leveling off at a fairly constant value of
~2 nm RMS. By comparison to figure 3.14, we see that, although the sidewall is now
anisotropic, it is actually smoother than the initial resist sidewall (2 nm vs. 3-5 nm RMS).
This is due to the fact that, with enhanced exposure to energetic ions high points on the
surface etch preferentially to low points, where shadowing of etchant species can reduce

the etch rate’.

Table 3.1 — Etch conditions

Etch Process Pressure | Top Bottom | Etch Gas Flow rates
(mT) Power | Power Time (sccm)
Etcher
W) W) (s
1 NTg; eﬁRC 40 500 | 500 15 | 200N, 200H, | LAM 4520 XL
248 Oxide 450r | 60 CE,, 20 CHF,,
2 Etch 60 600 600 90 450 Ar LAM 4520 XL
“Thick”
3 | Hardmask | 30 1000 | 2000 | 42 | 30CHF: 150N,
Open 100 Ar, 5 O, LAM 4520 XL
“Thin”
4 | Hardmask | 30 1000 | 2000 15 | 30CHEs 10Ny, | 4 Angasoo XL
100 Ar, 5 O,
Open
Si 30 CHFs, 150 N
5 Containing 30 1000 2000 15 100 Afr 50 2 | LAM 4520 XL
ARC Open 02
193 Oxide 60 CF,, 20 CHF,,
6 Eioh 100 600 300 90 150 Ar LAM 4520 XL
Bilayer
7 Transfer 10 260 80 57 20 S0O,, 40 O, LAM 9400
Etch
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Figure 3.18 — RMS roughness as a function of depth after N, — H, ARC open. Note the depth —
dependent trend, with a rougher surface near the top of the feature. The roughness decreases, finally
leveling off to a fairly constant value of ~ 2 nm. Additionally, although the surface morphology has
changed, it is smoother than the post — litho sidewall. High points on the surface have been smoothed by

the etching process.

3.2.1.3. “Partial” (45 s) Oxide Etch

Once the ARC is opened, the remaining mask is used to pattern the underlying
oxide substrate. Fluorocarbon chemistries are typically used to etch oxide, which make
use of atomic fluorine and CFy etching species, coupled with a fluorocarbon polymer
deposition to control the feature profile. High ion bombardment on the feature top and
bottom with deposition on the sidewall can yield vertical sidewalls®. However, the ion
bombardment can also cause a transfer of the anisotropic roughness down the feature.

After the No-H, ARC open, a 45s fluorocarbon plasma was used to pattern the
oxide. Table 3.1 row 2 gives the etching conditions. Figure 3.19 shows SEM micrographs

of the post-oxide etch lines in a cross sectional, top — down, and sidewall orientation.

wote
NEGA CENTER

410 nm
Resist

90 nm ARC
240 nm
Si0,
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Figure 3.19 — Cross sectional (), top down (b), and sidewall (c) SEM micrographs after a 45 s oxide
etch. The top down and sidewall pictures show a large amount of “cratering” at the top of the line due to
jon bombardment, leaving extremely deep, broad grooves in the sidewall.

74



The cross sectional image shows that ~410 nm of photoresist remains after the 45 s (240
nm) oxide etch, for an oxide/resist selectivity of ~2. However, a glance at the top — down
picture shows the top of the resist is extremely roughened. Ion bombardment during the
oxide etch has “cratered” the resist, particularly at the edges. The sidewall SEM image
shows this effect clearly, with deep, broad striations near the top of the line.

The resulting nature of the sidewall roughness is clearly illustrated in figures 3.20
and 3.21, which show the AFM image after the 45 s oxide etch and the RMS roughness
as a function of depth, respectively. It is clear that resist faceting induced during the ARC
open is maintained during the oxide etch. The resist roughness now shows a depth —
dependent profile, being rougher at the top. Striations formed on the resist layer now
serve as a template for the emerging oxide sidewall. In other words, the existing resist

topography is transferred into the silicon oxide. This behavior is partially tempered by the
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Figure 3.20 — Sidewall AFM image after 45s Figure 3.21 — RMS roughness after 45s oxide etch

oxide etch. The top of the remaining resist is as a function of depth. The roughness shows a depth

heavily roughened. However, the majority of the — dependent characteristic, very rough at the top of

excessive roughening is confined to the mask the resist, and decreasing as the depth increases. The

layer, and the oxide sidewall remains relatively oxide sidewall, however, remains smooth, with only

smooth. shallow striations, and an RMS roughness of ~ 1
nm.

fact that, as previously mentioned, protruding features are more rapidly etched than the
recessed ones, so the oxide surface is partially smoothed with respect to the resist
topography. This is supported by the etch selectivity, since the resist is consumed at a

slower rate compared to the oxide.
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An examination of the AFM data indicates that the majority of the heavy
roughening is confined to the mask layer (remaining ARC and photoresist). While there
are striations in the oxide, they are relatively shallow, yielding a smooth oxide sidewall
(~ 1 nm RMS). It appears that resist consumption and striation formation near the mask /
underlayer interface might determine the extent of anisotropic roughness created on the
underlayer sidewalls. By completing only a partial etch, extreme roughening of the oxide
has been prevented.

This can be seen by stripping the remaining ARC and photoresist using an O;
plasma, and imaging the etched oxide lines via top down SEM (figure 3.22). Any deep

striations present on the oxide sidewall will show up as “mousebites™ on the line edge.

60s 02 Oy, stiip*
strip

of resist

240 nm
Si0,

b)

Figure 3.22 — a) Patterns after 45s oxide etch. b) Remaining ARC and photoresist is stripped in an O,
plasma. The remaining oxide profiles appear smooth, with a sharp edge. ¢) The stripped profiles, when
viewed top down are smooth and sharp, with no sign of “mousebites” on the feature edge that would
indicate the presence of deep striations on the oxide sidewall.

However, we see that this is not the case. The oxide remaining after resist strip looks
smooth, with a sharp edge devoid of striations. The top — down SEM of the stripped
sample is smooth, with no signs of “mousebites” that would indicate the presence of deep
striations on the oxide sidewall. Thus, by confining the roughness transfer above the
ARC / oxide interface, we have prevented anisotropic roughness from reaching the

substrate.

3.2.1.4. “Complete” (90 s) Oxide Etch

To examine this phenomenon further, a sample was etched for twice as long (90
s). The ARC open and oxide etch plasma chemistries were identical to those in the

previous section; only the oxide etch time was changed. Figure 3.23 shows SEM
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micrographs of the features after the 90 s etch from cross sectional, top down, and
sidewall viewpoints. The same trends are evident — heavy cratering of the resist tops, with

broad striations traversing down the sidewall.

270 nm
Resist
— 90 nm ARC

490 nm
S10,

a)'

Figure 3.23 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs of organic ARC
sample after a 90 s oxide etch. As with the partial etch, the top down and sidewall pictures show a large
amount of “cratering” at the top of the line leaving extremely deep, broad grooves in the sidewall.

Figures 3.24 and 3.25 show the AFM of the 90 s etched sample, and the RMS
roughness as a function of depth, respectively. From the AFM image, it is clear that
incipient striations generated at early stages of the etch process became fully developed
oxide crevices, whose origin can be traced back to the remaining ARC and resist layer.
The SWR is depth dependent, with extreme values (~17 nm) near the top of the line. The
SWR on the oxide is larger in magnitude than that left after the partial oxide etch (~ 2 nm
vs. 1 nm RMS) as the grooves had the opportunity to etch deeper.

From the AFM image it appears the anisotropic striations have penetrated the
ARC/oxide interface, allowing the grooving of the sidewall. This was verified by, as
before, stripping the remaining ARC and photoresist with an O, plasma, and imaging the
oxide features via a top down SEM (figure 3.26). After the complete 90 s oxide etch,
mousebites are visible on the stripped oxide lines (corresponding to the sidewall striations
viewed end — on). Therefore, it does indeed seem that in this case, resist consumption and
striation formation near the ARC/oxide interface determines the extent of anisotropic

roughness created on the oxide.

3.2.1.5. Comparison of Surface Profiles from Partial and Complete Oxide Etch
Samples

In order to better compare and quantify the depth dependence of the SWR on both
the partial and complete oxide etch samples, surface profiles were generated and the

associated LER calculated. Figures 3.27 and 3.28 show these surface profiles generated
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from the AFM images for the partial and complete oxide etch samples, respectively, at 5

locations along the sidewall: near the resist top (a), in the middle of the remaining resist
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Figure 3.24 — Sidewall AFM image after 90s oxide Figure 3.25- RMS roughness after 90s oxide etch
etch. Again, the top of the remaining resist is as a function of depth. The roughness shows the
heavily roughened. However, the SWR has familiar depth — dependent characteristic. The
penetrated the ARC/oxide interface, creating fully oxide sidewall is rougher than that left after the
developed anisotropic striations along the oxide partial etch (2 nm vs. 1 nm RMS)

sidewall.
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strip Mousebites
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Figure 3.26 — a) Patterns after 90s oxide etch. b) Remaining ARC and photoresist is stripped in an O,
plasma. c) Mousebites can be seen on the stripped profile edge when viewed top down, indicating the
presence of deep striations on the oxide sidewall.

L9

(b), at the resist/ ARC interface (c), at the ARC/oxide interface (d), and near the bottom of
the oxide (e). The RMS roughness of the partial etch profiles are 8.4, 3.7, 1.6, 1.4, and
1.0 nm, respectively. Looking at figure 3.27, we see that the large striations present on
the resist and ARC have died out by the time the ARC/oxide interface was reached (d),
yielding smooth oxide sidewalls. The spatial periodicity of any remaining roughness has

increased as well, as evidenced by the decrease in observed tip filtering from the resist
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profiles to the ARC and oxide profiles. In comparison, the 90 s etched sample (figure
3.28) shows extreme cratering at the top of the resist, with striations that remain spatially
correlated to the line profile at the ARC/oxide interface (d). These features are still
traceable even on the oxide layer itself (e), but their amplitude has decreased. We note
that tip filtering is evident at the ARC/oxide interface as well, indicating the presence of
deep grooving and giving rise to the mousebites observed in figure 3.26c. The magnitude
of the roughness on the oxide layer is approximately twice that observed on the partially
etched sample (~ 2 nm vs. | nm RMS), indicating that the longer etch has allowed the

development of deeper sidewall striations.
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Figure 3.27 — Surface profiles generated for the partial oxide etch sample at 5 locations: (a) Near the top
of the resist (c=8.4 nm), (b) in the middle of the remaining resist (c=3.7 nm), (c) at the resist! ARC
interface (c=1.6 nm), (d) at the ARC/oxide interface (c=1.4 nm), and (e) near the bottom of the oxide
(c=1.0 nm). The profiles have been offset for clarity. We note that striations present on the resist have
for the most part, died out at the ARC/oxide interface (as has evidence of tip filtering), yielding smooth
oxide sidewalls.
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Figure 3.28 — Surface profiles generated for the complete oxide etch sample at 5 locations: (a) Near the
top of the resist (c=15.2 nm), (b) in the middle of the remaining resist (c=12.7 nm), (c) at the
resist/ARC interface (6=3.1 nm), (d) at the ARC/oxide interface (6=2.0nm), and (e) near the bottom of
the oxide (c=2.0nm). Now, striations present on the resist sidewall can be spatially correlated all the
way to the ARC/oxide interface, creating the mousebites observed on the stripped oxide sample.

3.2.2. Hardmask

Organic ARC materials suffer from poor etch selectivity to photoresist (often less
than 1), as they are compositionally very similar. With the advent of thin film imaging
(where the resist layer may be on the order of 100 — 200 nm), the bulk of the resist may
be consumed during the ARC open etch, leaving inadequate mask material remaining to
etch the substrate to the required depth.

This problem can be addressed by incorporating ARC properties into an
underlying hardmask (HM), designed to have a high etch selectivity to both the overlying
photoresist and the underlying substrate. IBM has accomplished this via the invention of
Si based materials, deposited by plasma — enhanced chemical vapor deposition (PECVD)
that perform both as an ARC and a hardmask, enabling the use of thin resists for device
fabrication’'?. These materials act as ARCs at both 248 and 193 nm wavelengths
(although the 248 nm and 193 nm versions differ compositionally from each other). The

index of refraction (n) and extinction coefficient (k) can be tuned by varying the
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deposition parameters, with substrate temperature and deposition bias having the most
effect'.

Because the chemical composition of this HM material is significantly different
from typical photoresists (unlike organic ARCs) its etch selectivity is much higher, on the
order of ~2-4 depending on etch chemistry (compared with a typical selectivity for
organic ARC of ~0.7 - 1), enabling thicker HM films with thinner resists. Additionally,
the selectivity over oxide can exceed 10, allowing the etching of deep oxide trenches
even after the remaining photoresist is completely lost. The HM has been used to etch
deep contact structures into 1.8 pm borosilicate glass (BSG)’.

The optical constants of the hardmask material can be graded by continually
varying the deposition parameters, yielding a reflectance curve free of interference
fringes like those seen in figure 3.12. If a tuned HM is not used, the HM thickness is
chosen at the second minimum in the interference mode (a “thin” HM); however, this can
create problems when attempting to pattern over existing topography, or if the HM
thickness varies over the wafer (similar to problems seen with organic ARCs).
Fortunately, the enhanced etch resistance of the HM compared with organic ARC enables
the deposition of a “thick” HM if desired, chosen to operate in the matched mode where
the reflectance is independent of the HM thickness.

To examine the roughness transfer characteristics of the IBM HM material,
samples were patterned similar to figure 3.5, with the same photoresist as used on the
organic ARC samples, and either a “thin” (100 nm) or “thick” (300 nm) HM replacing
the organic ARC layer. The hardmask was opened in a fluorocarbon plasma chemistry,
with the resulting patterns used to transfer the trenches into the underlying oxide
substrate via a 90 s etch. AFM sidewall images and roughness data were calculated after
the HM open and oxide etch for both the “thin” and “thick” HM samples (the initial
lithography was similar to that obtained on the organic ARC samples).

3.2.2.1. “Thick” Hardmask Open

After lithographic patterning, 300 nm of HM was etched in a highly physical
fluorocarbon plasma (the etch conditions are given in table 1, row 3). The large bottom

power (2000 W) and polymerization (CHF; chemistry) enabled highly selective etching
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over the photoresist (selectivity ~ 2.6). Figure 3.29 shows SEM micrographs of the
“thick” HM sample after the HM open in a cross sectional, top down, and sidewall

perspective.

1480 nith Redist

300 nm HM

Figure 3.29 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after a 42 s “thick”
HM open. A large amount of resist remains due to the enhanced etch selectivity the HM possesses.
However, the extreme physical nature of the HM open has left the tops of the lines cratered, and the
sidewall striated.

From these pictures, we see that the physical etch characteristics that enabled selective
etching have also created heavy cratering and striation formation on the top and sidewall
of the etched lines.

Figures 3.30 and 3.31 show the AFM sidewall image and the calculated RMS
depth dependent SWR, respectively, for the “thick” HM sample. The AFM image
confirms the details observed in the sidewall SEM image, with large, apparently deep
striations particularly visible on the resist sidewall. A particle or other protrusion is
observable near the resist top, and yields an enhanced RMS roughness measurement at
that depth observed on the plot. The SWR shows the (by now) familiar depth - dependent
roughness characteristic, with excessive roughness at the top of the line, decreasing as the
depth is increased. Note that ~ 85 nm at the bottom of the line is shadowed by the AFM
tip.

The SWR on the bulk of the HM sidewall is slightly larger in magnitude than that
observed on the organic ARC sample (3-4 nm vs. 2 nm), indicating that a subsequent
oxide etch might be rougher as well. The roughness at the resist/HM interface is ~ 4 nm,
creating mousebites on the HM top that can be observed by stripping the remaining

photoresist (figure 3.32).
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Figure 3.30 — Sidewall AFM image “thick”
hardmask open. The sidewall surface is heavily
striated, with extreme roughness at the top of the
line due to the large bottom power (2000 W) and
ion bombardment during the etch. Note the
presence of a particle that increases the local
roughness at that depth.
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Figure 3.31 — RMS roughness after “thick”
hardmask open as a function of depth. The roughness
shows the familiar depth — dependent characteristic,
very rough at the top of the resist, and decreasing as
the depth increases. The hardmask sidewall is
rougher than the organic ARC (~3 — 4 nm RMS).
Note the increased roughness on the resist line due to
the particle.

Mousebites

Figure 3.32 — a) Patterns after “thick™ hardmask open. b) Remaining photoresist is stripped in an O,
plasma, leaving the trenches etched in the hardmask. ¢) Mousebites can be seen on the stripped profile
edge when viewed top down, indicating the presence of deep striations on the hardmask sidewall.

3.2.2.2. “Thin” Hardmask Open

Similar to the above, samples were created with a 100 nm hardmask layer (“thin”

HM). After lithography, the same high power fluorocarbon etch was used to open the

hardmask (with an etch time of 14 s rather than 42 s). The etch conditions are detailed in

table 1, row 4.

Figure 3.33 shows SEM micrographs of the samples after the “thin” HM open.

They look similar to the “thick” HM samples, with striations traversing down the

sidewall, and deep cratering at the top of the line. The HM/resist selectivity is about the

same as expected (~2.5). However, a comparison of the depth — dependent SWR between

the “thick™ and “thin” HM open samples reveals differences due to the shorter etch time.
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Figure 3.33 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after a 42 s “thin”
HM open. Similar to the “thick” HM sample, a large amount of resist remains due to the enhanced etch
selectivity the HM possesses, and the sidewall is striated.

Figure 3.34 shows the AFM image of the “thin” HM sample sidewall. It confirms
the sidewall SEM image, showing correlated striations traversing down due to ion
bombardment during the etch. However, differences in the SWR due to the shorter etch
time can be seen in figure 3.35, which shows the depth dependent SWR of both the
“thick” and “thin” HM open samples for comparison. The “thin” sample, with a shorter
required etch, yields a larger fraction of relatively smooth sidewall, leveling out at ~ 3 nm
RMS for the bottom 300 nm of the sidewall in the image. The penetration depth of deep
striations can be determined by observing the inflection point on each curve. On the
“thin” HM sample, deep striations traverse down approximately 250 nm from the top of
the line. The longer etch on the “thick” HM sample, in contrast, yielded a larger SWR on
the bulk of the sidewall, and allowed deep striations to penetrate all the way to the
resist/HM interface. This leads to a rougher sidewall at that location than on the “thin”
sample (4 nm vs. 3 nm RMS). However, a glance at the SWR magnitude at the bottom of
the sidewall (near the HM/oxide interface) for both the “thick” and “thin” HM samples is
approximately the same (~3 nm RMS), indicating that, as long as the deeper striations
can be confined to the mask layers and kept away from the oxide, the sidewalls on the
oxide substrate after oxide etch might be of comparable roughness on both types of

sample.

3.2.2.3. “Thick” Hardmask Oxide Etch

After opening the 300 nm hardmask as described above, the samples underwent
the same 90 s oxide etch performed on the organic ARC samples (etch conditions given
in table 1, row 2). Figure 3.36 shows SEM micrographs of the etched samples. After the

oxide etch, only about 120 nm of resist remains. However, the entire 300 nm thick HM
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Figure 3.34 — Sidewall AFM image of “thin” Figure 3.35 — Depth — dependent SWR of both

hardmask open. “thick” (a) and “thin” (b) hardmask open
samples, plotted vs. distance from the resist/HM
interface. The much longer etch time on the
“thick” HM sample has created a much rougher
sidewall, with deep striations penetrating almost
to the interface. The “thin” HM sample, in
contrast, is smoother near the top of the line, and
deep striations do not penetrate as far down the
sidewall.

is still untouched, leaving 420 nm of remaining mask available to continue the etch if
desired. Contrast this with the organic ARC sample, where 270 nm of mask remained

after the 90 s oxide etch.

~120'nm ResiSt.
s .

~300 nm HM

~490 nm Oxide

Figure 3.36 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after 90 s oxide etch
on “thick” HM open. Most of the resist has been consumed, but due to the thickness of the HM
approximately 420 nm of masking material remains, demonstrating the applicability of HM materials
when etching deep trenches.

Figures 3.37 and 3.38 show the sidewall AFM and depth dependent SWR,
respectively, of the post — oxide — etch “thick™ hardmask sample. Some sort of particulate
or other contaminant can be observed in the AFM image, which leads to a slightly

irregular (bumpy) SWR plot. Nevertheless, correlated striations can be seen traversing
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Figure 3.37 — Sidewall AFM image of “thick” Figure 3.38 — Depth dependent RMS roughness of
hardmask sample after 90 s oxide etch. There is “thick” hardmask sample after 90 s oxide etch. The
some sort of particulate contamination on the resist and hardmask are extremely roughened.
sidewall. Nonetheless, deep correlated striations However, the bulk of the oxide sidewall ranges
are observable, transferring through all the layers from 4 — 6 nm RMS

the entire sidewall, from the photoresist straight down to the bottom of the oxide, unlike
the comparable organic ARC sample after oxide etch (figure 3.24) that showed large
striations within the resist layer, and higher frequency striations through the ARC and
oxide. The hardmask therefore seems to allow more SWR transfer into the emerging
oxide sidewall than the organic ARC in this particular oxide etch chemistry, indicating
that the hardmask material has been optimized for selectivity purposes rather than for
roughening propensity. The oxide etch chemistry may transfer roughness through the
hardmask easier than through the organic ARC because this fluorocarbon chemistry tends
to be more selective to organic materials than inorganic materials. It is also possible that
the highly polymerizing fluorocarbon chemistry used to open the hardmask left a residual
polymer on the sidewall, creating the larger striations observed during the oxide etch. We
will investigate this point more closely in chapter 4.

The hardmask material seems to allow not only a more spatially correlated SWR
transfer, but also permits a larger magnitude roughness transfer as well during oxide etch.
A comparison of the SWR magnitude on the organic ARC and HM samples after oxide
etch bears this out as well. Recall from figure 3.18 that the SWR at the ARC/oxide
interface after organic ARC open was ~2.5 nm RMS. This compares reasonably well
with the SWR after the thick HM open (about 3 nm RMS as shown in figure 3.31). The
post — oxide etch SWR, however, is markedly different for the organic ARC and thick
HM samples (2 nm vs. 4.5 nm RMS, respectively, from figures 3.25 and 3.38). So, even
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though the post ARC/HM open SWR was comparable for both samples, the post oxide
etch SWR is higher in magnitude for the HM than for the organic ARC.

3.2.2.4. “Thin” Hardmask Oxide Etch
Similar to the “thick” (300 nm) hardmask sample, after hardmask open the “thin”

(100 nm) HM sample underwent the same 90 s oxide etch (etch conditions detailed in

table 1, row 2). Figure 3.39 shows SEM micrographs of the etched samples.

200 nm Resist

100 nm Hardmask

490 nm Oxide

Figure 3.39 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after 90 s oxide etch
on “thin” HM open. More resist remain than on the “thick” sample (~200 nm vs. ~120 nm) as less was
consumed during the shorter required hardmask etch.

More resist remains than on the “thick” HM sample as less was consumed during
the shorter hardmask etch (14 s vs. 42 s). However, the sidewall itself looks very similar.
Again, striations correlated down the entire sidewall (through all three layers) can be
observed on the sidewall SEM figure.

Figure 3.40 shows the sidewall AFM image of the “thin” HM sample after oxide
etch. It is free of the particulate contamination observed on the previous sample, and
looks quite similar to it, confirming the SWR structure observed in the SEM. Again, the
hardmask has allowed a more correlated SWR (as compared to organic ARC) to transfer
through to the oxide.

Recall our hypothesis that, for a given material, the SWR at the ARC (or HM) /
oxide boundary, after ARC/HM, open casts the SWR transfer into the emerging sidewall
during a subsequent oxide etch. Therefore, both the “thick” and “thin” HM samples
should yield similar SWR magnitudes on the post — etch oxide, as the SWR magnitude at
the HM/oxide interface after HM open was approximately the same for both the “thick”
and “thin” samples even though the “thick” sample had a larger amount of roughness on
the bulk sidewall due to the longer required hardmask etch (figure 3.35). This supposition
is borne out in figure 3.41, which shows the depth dependent SWR after oxide etch for
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both the “thick” and “thin” HM samples, plotted from the hardmask/oxide interface.
Accounting for the slight irregularities in the “thick” HM curve due to the presence of
contamination on the sidewall, the two curves lie almost on top of one another at the level
of the oxide. Additionally, the increased roughening at the top of the line on the “thick”

sample due to the longer HM etch is captured as well.

3.2.3. Silicon — Containing Spin — On ARC

While the above PECVD hardmask material possesses the etch selectivity
required for thin film imaging, from a process integration perspective it is less than ideal.
First, an extra processing step is required to deposit the hardmask on the substrate, which
limits throughput of wafers. Additionally, the hardmask material cannot be removed as
easily as an organic ARC, necessitating extra strip processes.

It would be desirable to incorporate etch selectivity into a polymer formation that
can be spun — on the wafers during the photoresist application and exposure, eliminating
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Figure 3.40 — Sidewall AFM image of “thin” Figure 3.41 — Depth dependent SWR of both

hardmask sample after 90 s oxide etch “thick™ (a) and “thin” (b) hardmask open samples
after 90 s oxide etch, plotted vs. distance from the
hardmask/oxide interface. Both curves lie almost
on top of each other, bolstering the hypothesis that
the SWR at the HM/oxide boundary after HM
open serves to cast the underlying SWR transfer
during the subsequent oxide etch.

the need for an extra deposition step. To this end, IBM has invented a novel class of
silicon — containing polymers that can be spin applied, allowing their integration in a
fashion similar to standard organic ARC materials". They function as ARC layers at 248
and 193 nm wavelengths. The silicon content gives the polymer an inorganic

characteristic, leading to etch selectivity on the order of ~2-3:1 over photoresist in

88



fluorocarbon based plasma chemistries. Additionally, the Si — containing ARC can
planarize the surface over topography'*.

To examine the roughness transfer characteristics of the IBM Si — containing
ARC, samples were patterned similar to figure 3.5, with the same photoresist as used on
the organic ARC samples, with a 160 nm layer of Si ARC replacing the organic ARC.
The Si ARC was opened in a fluorocarbon plasma chemistry (the same chemistry used to
open the hardmask material), with the resulting patterns used to transfer the trenches into
the underlying oxide substrate via a 90 s etch. AFM sidewall images and roughness data
were calculated after the Si ARC open and oxide etch. Again, the initial lithography was

similar to that obtained on the organic ARC samples, and for brevity is not shown.

3.2.3.1. Si— Containing ARC Open

After lithographic patterning, 160 nm of Si ARC was etched in the same highly
physical fluorocarbon plasma used to open the hardmask (the etch conditions are given in
table 1, row 5). A selectivity over the photoresist of approximately 2:1 was obtained.
Figure 3.42 shows the by-now familiar SEM micrographs of the Si ARC sample after the

ARC open in a cross sectional, top down, and sidewall perspective.

Figure 3.42 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs after a 15 s Si ARC
open.

Figure 3.43 shows the sidewall AFM image of the Si ARC sample after ARC
open. Note that ~ 50 nm at the bottom of the line is shadowed by the AFM tip.
Additionally, a glance at figure 3.42¢ will show large, low-frequency striations that are
not observed on the AFM image in figure 3.43. This is due to a measurement error (the
top ~ 70 nm of the sidewall was not imaged during the AFM scan). Nevertheless, the
higher frequency striations observed in the SEM in the middle of the sidewall are clearly

visible in the AFM image.
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Resist

Figure 3.43 — Sidewall AFM image of Si ARC
sample after ARC open. Approximately 50 nm at
the bottom of the ARC layer is shadowed by the
AFM tip, and the top ~ 70 nm of the resist was not
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Figure 3.44 — Depth — dependent SWR of Si ARC
sample after ARC open. The roughness in the
ARC layer is comparable to the organic ARC
sample (~ 2 nm RMS).

imaged. Nevertheless, correlated striations are
observed traversing down the sidewall into the
ARC layer, confirming the sidewall SEM image.

Figure 3.44 shows the depth dependent SWR calculated from the AFM image.
We see the familiar characteristic of the sidewall, rough at the top with decreasing
amplitude as the depth is increased. Interestingly, the roughness magnitude in the Si ARC
layer after ARC open is comparable to the organic ARC sample (~ 2 nm RMS).
Therefore, if the Si ARC were to etch the same as the organic ARC during the subsequent
oxide etch we would expect the final oxide SWR to be comparable on both samples. If
they are not, material differences between the Si and organic ARC might be responsible,
or the highly polymerizing fluorocarbon nature of the ARC open might be to blame

(similar to the trends observed on the hardmask samples).

3.2.3.2. Si — Containing ARC Oxide Etch

The Si ARC samples, after ARC open, underwent the same 90 s oxide etch used
on all the samples (table 1, row 2). Figure 3.45 shows SEM micrographs of the etched
samples. Immediately apparent from figure 3.45a is that the oxide did not etch as deeply
as on the other samples (330 nm vs. 490 nm). Additionally, the profiles are much more
tapered. The tapering may be due to polymer deposition left on the sidewall during the
ARC open, narrowing the feature during oxide etch. The etching rate difference may be
due to a loading effect, where the Si-O moieties in the exposed Si ARC sidewall create a

larger active etching area, consuming etchant species and/or evolving product species,
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3.:.10' nm Resist

160 nm Si

330 nm Oxide

Figure 3.45 — Cross sectional (a), top down (b), and sidewall (c) SEM micrographs of Si ARC sample
after 90 s oxide etch. Note the tapered profiles and the fact that only ~ 330 nm of oxide was etched (in
contrast to the 490 nm etched in 90s on the other samples). It is possible that the Si ARC material caused
loading from the sidewall during processing, changing the etch rate and tapering the features.

depressing the etch rate"”.

Figure 3.46 shows the sidewall AFM image of the Si ARC sample after oxide
etch. Approximately 80 nm at the bottom of the sidewall is shadowed by the AFM tip,
and not imaged. Similar to the hardmask samples, we see broad, correlated striations
traversing right through the ARC layer into the underlying oxide, which could be due to
the inorganic nature of the Si ARC material, or due to the depositing fluorocarbon
chemistry used to open it.

Figure 3.47 shows the depth — dependent SWR roughness calculated from the
AFM image. Here also, the roughness magnitude on the oxide sidewall more closely
resembles that found on the inorganic hardmask sample rather than the organic ARC
sample. The SWR is about 5 nm RMS on the oxide sidewall, and at the Si ARC/oxide
interface. This large roughness magnitude at the interface yields mousebites on the oxide

lines, which can be observed by stripping the remaining resist and Si ARC material

(figure 3.48).
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Figure 3.46 — Sidewall AFM image of the Si ARC  Figure 3.47 — Depth — dependent SWR of Si
sample after 90s oxide etch. Broad striations ARC sample after oxide etch. The roughness
traverse the entire length of the sidewall, similar to magnitude on the oxide is higher than that
the hardmask samples. Again, the depositing obtained on the organic ARC sample, and is
fluorocarbon chemistry used to open the ARC may similar to the hardmask results (~ 5 nm RMS).

be to blame.
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Resist / Si ARC

Strip I

Figure 3.48 — After stripping the remaining photoresist and Si ARC, mousebites are observed at the top
of the oxide lines.

Mousebites
visible

3.2.4 — Summary of 248 nm Resist System Results

We have seen how the structural morphology of a feature sidewall can change
during a plasma etching process. After lithography, the SWR is isotropic in nature as the
main roughening mechanisms of developing photoresists typically occur without any
spatial orientation (except for the occurrence of standing waves, which typically appear
parallel to the substrate plane). After lithography with a typical ESCAP 248 nm
photoresist, we observed isotropic SWR that was approximately constant as a function of
depth, with a value of 3-5 nm RMS.

However, ion bombardment and other processes that occur during etching can
result in the loss of the original morphological information, incorporating an anisotropic
component to the roughening of the sidewall and creating striations that propagate
perpendicular to the substrate plane. We observed on organic ARC samples that striations
formed during ARC open can act as physical templates for subsequent image transfer into
an underlying oxide substrate. Additionally, the nature of the ARC material, and its
interaction with the etching chemistry can determine the amount and structural nature of
the SWR transfer process.

Table 3.2 shows a summary of the 248 system results, in conjunction with figures
3.49 and 3.50. Figure 3.49 and shows the depth — dependent SWR of all samples (organic
ARC, thin and thick hardmask, and Si ARC) after ARC open, calculated from the AFM
images, and plotted as a distance from the resist/ARC interface. From the plot, we
observe that near the bottom of the feature (closest to the oxide substrate) all samples
have approximately the same SWR magnitude (~2-3 nm RMS). The thick hardmask
sample has a slightly elevated SWR at the resist/ARC interface due to the longer etch
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Table 3.2 — Summary of 248 results.

Sample Process Chemistry RMS Striations Notes
Type Roughness
Organic Litho N/A 3-5n0m Isotropic Roughness relatively
ARC constant
Organic ARC Open N/H; 2 nm Narrow Faceting and streaking
ARC
Organic 45s Oxide FC 1 nm Narrow Streaks do not penetrate
ARC Etch oxide interface
Organic 90s Oxide FC 2 nm Narrow Oxide interface
ARC Etch penetrated, roughening
oxide sidewall
Thick HM HM Open FC 3 nm Narrow Long etch excessively
roughens top of line
Thin HM HM Open FC 3nm Narrow Top smoother due to
shorter etch
Si ARC ARC Open FC 2 nm Narrow Looks similar to
Organic ARC
Thick HM 90s Oxide FC 4-5 nm Broad Broad striations due to
Etch FC left on sidewall
during HM open?
Thin HM 90s Oxide FC 3-5nm Broad Broad striations due to
Etch FC left on sidewall
during HM open?
Si ARC 90s Oxide FC Snm Broad Broad striations due to
Etch FC left on sidewall
during ARC open?

time required to open the hardmask, but it levels out eventually. A visual examination of

all four AFM images (figures 3.17, 3.30, 3.34, and 3.43) shows a very similar

morphology, with striations of approximately the same width traversing down the

sidewall. Therefore, since all samples used the same photoresist, have the same oxide

etch chemistry, and look approximately the same after ARC open, we would expect that

any differences noted after oxide etch be due either to the differences in ARC open

plasma chemistry, or the ARC materials’ differing interactions with the oxide etch

chemistry.
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Figure 3.50 shows the depth-dependent SWR of all samples after 90 s oxide etch
(with the organic ARC sample after 45 s oxide etch shown as well), plotted as a distance
from the ARC(HM)/oxide interface. An examination of the 90 s and 45 s organic ARC
sample shows the increased mask roughening due to the longer etch time on the 90 s
etched sample, and a corresponding rougher SWR on the oxide surface (2 vs. 1 nm
RMS). We also saw how correlated striations traverse down to the ARC/oxide interface
on the 90 s sample, yielding mousebites on the top of the oxide lines, yet not observed on

the 45 s etched sample. The spatial frequency of the roughness after ARC open is

comparable
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Figure 3.49 — Comparison of all samples after Figure 3.50 — Comparison of all samples after

ARC/HM open, plotted as a distance from the
resist/ARC interface. a) Organic ARC, b) “thick”
Hardmask, c) “thin” Hardmask, d) Si ARC. Note
that the SWR magnitude near the bottom of the
feature is approximately the same for all sample
types (2-3 nm RMS). However, the fluorocarbon
nature of the ARC/HM open for the hardmask and

oxide etch, plotted as a distance from the
ARC(HM)/oxide interface. al) Organic ARC, 45s
etch, a2) Organic ARC, 90s etch, b) “thick”
Hardmask, c¢) “thin” Hardmask, d) Si ARC. The
hardmask and Si ARC samples are approximately
equivalent to each other, and rougher on the oxide
sidewall than the organic ARC, probably due to

either compositional differences between these
films and the organic ARC, or to the depositing
fluorocarbon ARC open chemistry.

Si ARC samples

to that seen after oxide etch, indicating that the structure of the roughness post — ARC
open casts the morphology of the emerging oxide sidewall.

Both the hardmask and Si ARC samples are rougher after oxide etch than the
organic ARC sample, with a SWR magnitude of ~4-5 nm RMS (compared with 2 nm
RMS for the organic ARC). Additionally, an examination of the AFM images shows that
the spatial structure of the post — etch sidewalls is different as well. The organic ARC
oxide sidewall is characterized by a higher spatial frequency roughness, while on the
hardmask and Si ARC the lower frequency roughness seen on the resist portion of the

sidewall extends down all the way to the bottom of the oxide. This may be due either to
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compositional differences between the organic ARC and the inorganic films, or to the
heavily depositing fluorocarbon nature of the ARC open used on these two samples. It is
possible that fluorocarbon polymer left on the sidewall after ARC/HM open, with a high
selectivity to the oxide, casts the lower spatial frequency roughness that develops on the
HM/Si ARC samples during oxide etch.

3.3. Roughness Transfer on 193 nm Resist Systems.

Lithography resolution is defined by:
kA

=—§1A— (3.8)
where R = resolution, k; = constant, A = exposure wavelength, and NA = numerical
aperture. We see that a decrease in the exposure wavelength and/or increased NA gives a
corresponding decrease in the resolution of the lithographic process. Therefore, in order
to achieve sub — 100 nm patterning the industry has undertaken a move to photoresists
imaged with 193 nm radiation (ArF exposure) on high NA tools.

However, the move to 193 nm resists is not without its problems. First, most of
these films have a higher etching rate in most chemistries than 248 nm resists (a good
rule of thumb is to assume they will etch ~30% faster'®). Even more important, 193 nm
resists are typically coated much thinner than corresponding 248 nm resists due to both 1)
depth of focus and 2) pattern collapse concerns. The depth of focus (DOF) is given by :

y)
2NA?

DOF = (3.9)

which is contradictory for robust processing at high resolution. Therefore, as A decreases
and the NA increases, thinner resist must be used to account for the lower DOF. Pattern
collapse occurs when capillary forces present in the developer solution pull on patterned
line features. The capillary force is given by'” :

AP= ycos0

(3.10)

where AP = capillary force, y = surface tension, 6 = contact angle of rinse fluid with
sidewall, and d = line spacing. If the aspect ratio of the lines is too large, the capillary
forces will collapse the lines. The typical critical aspect ratio to avoid pattern collapse is

approximately 3:1, meaning that to pattern a dense 100 nm line — space pattern, the 193
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resist should be no thicker than ~300 nm. This combination of poorer etch resistance and
thinner initial thickness of single layer 193 nm photoresists provides many integration
challenges from an etch perspective.

Some of these issues can be addressed through the use of bilayer resists'®",
Bilayer patterning schemes involve coating the substrate with a thick, planarizing organic
underlayer, followed by a thin imaging resist. The imaging resist usually contains silicon,
either through a post-patterning silyation step (typically seen in “top surface imaging”, or
TSI?®), or through the inclusion of silicon — containing moieties within the resist structure
itself, to provide etch resistance to the organic underlayer. After patterning the Si
containing etch resistant imaging layer, a selective plasma etch is used to transfer the
pattern to the underlayer. Finally, the finished stack (remaining imaging resist and
underlayer) is used to pattern the substrate. The advantages of bilayer patterning include
true thin film imaging, and the ability to be patterned over existing topography. However,
sidewall roughness is known to be a problem. Not only are bilayer and TSI resists
typically rougher than standard single layer resists*’ , but observed sidewall roughness
transfer can be an issue®>?,

In order to investigate their roughness transfer characteristics, single layer 193 nm
photoresists consisting of either a methyl adamantine acrylate—co—lactone acrylate resin
(referred to herein as the “methacrylate” resist), or a cyclo—olefin—maleic anhydride
based resin (referred to as the “cyclic olefin” resist) were used to print nominal 1:1 100 —
150 nm line/space features patterned in ~ 300 nm thick films. ArF exposures were made
on a 0.75 NA ASML stepper with annular illumination using the DARPA mask described
in Chapter 2. Similar to the 248 nm samples, an organic ARC appropriate for each
wavelength was used when patterning the single-layer resists in order to suppress
standing waves. Additionally, roughness transfer on a 193 bilayer resist system was
examined. The imaging resist was a silane containing norbornene-maleic anhydride
terpolymer™, while the underlayer was based on a styrene-acrylate copolymer. As

before, 8 inch thermally grown SiO, substrates were used for resist pattern transfer.

3.3.1. 193 nm Lithography Results
From sidewall AFM images, the calculated RMS roughness of the methacrylate

and cyclic olefin resists was 3.3 nm and 2.9 nm, respectively. Both were smoother than
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the 248 nm resist (3.9 nm RMS) as the ARC thickness was better optimized, eliminating
the standing waves observed previously. The initial roughness of the bilayer imaging
resist was rougher than the single layer resists, with a value of 4.4 nm RMS, probably due
to the silicon content. Figure 3.51 shows the depth — dependent SWR of each 193 resist.
The 248 organic resist is also shown for comparison. Note the reduced thickness of the
193 resists in comparison to the 248. In particular, observe the extremely thin bilayer

imaging resist, a “true” thin film imaging technology at only ~140 nm thick.
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Figure 3.51 — Depth — dependent SWR of 193 nm resists, with the 248 resist included for comparison.
Both the methacrylate and cyclic olefin resists are smoother than the 248 resist due to a better optimized
ARC thickness that eliminated standing waves in the patterns, while the bilayer imaging resist is
rougher. Note that the 248 resist is approximately twice the thickness of the 193 single layer resists, and
about 5 times the bilayer imaging resist thickness.

3.3.2.193 nm N»/H; ARC Open

After development of the resists and etching of the ARC in Ny/H;, sidewall
surfaces on the single layer resists showed similar morphological changes comparable to
the 248 nm resist processing, in that the isotropic nature of the developed resist became
striated. The tops of the lines also became faceted in a similar fashion. The methacrylate
system after No/H, ARC open is shown in figures 3.52 (SEM) and 3.53 (AFM). The

cyclic olefin result was similar.

3.3.3. SO,/0; Bilayer Underlayer Etch

To achieve transfer of the thin imaging layer patterns to the underlayer, extreme

selectivity of the resist to the underlayer is required. The high silicon content of the
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imaging layer makes this possible through the use of an SO,/O; based transfer etch. The

oxygen reacts with the Si in the imaging resist, converting it to Si0,, in essence changing

Figure 3.52 — Cross sectional SEM of 193 nm Figure 3.53 — Sidewall AFM of 193 nm
methacrylate resist after N/H, ARC open. methacrylate resist after Ny/H, ARC open. The
Similar morphological changes as observed on process has striated the sidewall similar to the 248
the 248 system can be seen (faceting, etc). nm sample.

the resist to an oxide — like hardmask. Additionally, profile control is obtained through
the addition of SO,, which acts as a passivation agent” through the formation of S, C-S

2627 Figures 3.54 and 3.55 show the bilayer resist after lithography and

and C-S-O species
underlayer transfer etch, respectively. Note the excellent profile control generated by the
passivating underlayer etch (table 3.1, row 7), and a resist to underlayer selectivity
exceeding 10:1. The remaining resist/underlayer thickness is over 450 nm, illustrating the

capability of bilayer resists to pattern very deep substrate trenches.

Imaging Resist

Underlayer

18.0kV X1leekK 3eeénm

Figure 3.54 — Cross sectional SEM of 193 nm Figure 3.55 — Cross sectional SEM after

bilayer imaging resist lithography. The resist is underlayer transfer etch in SO,/O,. The oxygen

only ~130 nm thick. has changed the Si in the imaging resist to SiO,,
forming a hardmask with excellent selectivity over
the organic underlayer (>10:1). SO, sidewall
passivation leads to very straight profiles.
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The sidewall roughness of the imaging resist was shown in figure 3.51. The
corresponding AFM image and depth — dependent SWR after the transfer etch are shown
in figures 3.56 and 3.57. Immediately apparent on the sidewall are the presence of large
agglomerations, or “bumps,” in the AFM image that enhance the measured SWR (the
“hump” observed in figure 3.57). These agglomerations are believed to be caused by
reaction of the sulphurous passivation layer with atmospheric moisture™, and only form
if the wafer is taken out of the etcher. This makes an accurate determination of the post —
transfer etch SWR difficult. However, wafers that undergo oxide etch immediately after
the transfer etch (without removing them from the vacuum system) do not suffer from
this problem, and the SWR measurement post-oxide etch therefore are not affected. Our
best estimate of the SWR at the bottom of the feature after transfer etch ranges from 3 —

4.5 nm RMS, rougher than that observed on the single layer resists.

3.3.4. “Gentler” Oxide Etch Chemistry for 193 nm Resists

As mentioned previously, 193 nm resists typically have poorer etch resistance
than 248 nm resists. On our samples, this fact of life was immediately borne out when the
248 nm oxide etch chemistry was used with the 193 nm methacrylate resist. Rather than
etching cleanly, the resist patterns showed severe erosion and “twisting” (figure 3.58).
Therefore, the oxide etch chemistry was made gentler by raising the pressure (from 60
mT to 100 mT) and lowering the ion bombardment (from 600 W to 300 W). The
conditions are listed in table 3.1, row 6. This change allowed the resists to withstand the

etching process, at the cost of reduced etch selectivity and oxide etch rate (figure 3.59).
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Figure 3.56 — Sidewall AFM image of 193 bilayer Figure 3.57 — Depth dependent SWR calculated

resist after underlayer transfer etch. Large from the AFM image. The SWR is enhanced due

agglomerations due to atmospheric moisture can to the agglomerations, making an accurate

be observed. roughness determination difficult.
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3.3.5. 193 nm Oxide Etch Results

The required change in oxide etch chemistry, while initially viewed as
unfortunate, actually allowed us a glimpse at the smoothing capabilities of the oxide etch
itself. We will see in chapter 4 that using a more “chemical” type ARC open (Cl/O;) can
yield smoother post — oxide etch lines than “physical” Na/H; or fluorocarbon ARC/HM
etches, when paired with the highly physical 248 nm oxide etch previously described.
However, when paired with the gentler 193 nm oxide etch chemistry, roughness transfer
on the 193 nm resist systems was fairly independent of ARC open chemistry and etch
time, suggesting that the gentler oxide etch itself imparted a smoothing characteristic to
the sidewall. This can be seen by plotting the depth — dependent SWR after oxide etch of
all the 193 nm resist systems, with the 248 result included for comparison (figure 3.60).
The plots show the familiar shape (rough at the top, smoother with increasing depth)
again supporting the idea that the anisotropic topography created on the upper layer
during plasma etching helps to cast the morphology of the emerging sidewall. The SWR
at the oxide/ARC interface ranges from ~ 1.5 — 2.5 nm RMS, regardless of resist type,
ARC open chemistry, or oxide etch time, suggesting that the oxide etch itself may be

18.8kV  ®1eek ' '388nm 1e.8kV X120K  ‘388nm

Figure 3.58 — 193 nm methacrylate resist after Figure 3.59 — The same resist after a 45 s oxide
oxide etch for 45 s in the 248 nm etch chemistry. etch in the “gentler” 193 nm etch chemistry. The
The lower etch resistance of the photoresist has photoresist lines have withstood the etch, at the
created severe erosion and twisting. cost of a lower oxide etch rate.

imparting a smoothing characteristic. Since the extreme roughness does not penetrate to
the oxide/ARC interface, the oxide sidewalls remain smooth, in each case comparable to
the results found for the 248 nm resist / organic ARC system. These results demonstrate

that it is indeed possible to maintain roughness transfer on 193 nm resist systems at a
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level comparable to that found on typical 248 nm resists, with careful selection of
processing conditions. It is, however, important to keep in mind that we are playing etch
selectivity over roughness transfer (unfortunately, there is no free lunch!), and a balance
must be struck to ensure that enough resist remains during the etch to completely pattern
the substrate. The relevance of bilayer lithography to this goal is thus immediately
apparent. More on this topic will be discussed in Chapter 5, which investigates the role of

photoresist fluorine content on etch selectivity and roughness transfer.
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Figure 3.60 — Depth dependent SWR of 193 methacrylate, cyclic olefin, and bilayer resist systems (the
248 nm result is also shown for comparison). The roughness levels range from ~1.5 — 2.5 nm at the
oxide/ARC interface for all samples, regardless of resist type, ARC open chemistry, or oxide etch time,
suggesting that the “gentler” oxide etch chemistry used on the 193 nm samples has a smoothing
characteristic. The roughness transfer for all the 193 samples is comparable to the 248 nm organic ARC
sample, demonstrating that the sidewall roughness on 193 nm resist samples can be maintained within
reasonable limits with careful selection of processing conditions.

3.4. Summary

In this chapter, an AFM technique was described that allows the determination of
sidewall roughness as a function of depth on an etched feature. The evolution of SWR
during processing (lithography, ARC/HM open, and oxide etch) was investigated for a
variety of 248 nm and 193 nm resist systems with an assortment of organic and Si —
containing ARCs, inorganic hardmasks, and bilayers. The initial lithography sidewall
morphology was isotropic in nature with a 3-5 nm 1-c RMS roughness, and relatively

constant as a function of depth. After the ARC/hardmask etch, however, the sidewall
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morphology takes on an anisotropic characteristic, with striations created by ion
bombardment. During a subsequent oxide etch, these striations transfer into the oxide
sidewall, the anisotropic topography created during the ARC/hardmask etch casting the
morphology of the oxide layer beneath. The roughness typically takes on a depth —
dependent characteristic (rougher at the top, smoother as the depth increases).

While all samples appeared relatively equivalent after ARC/HM open, the
roughness transfer on 248 nm hardmask or Si ARC samples after oxide etch was greater
than on organic ARC samples, at a lower spatial frequency. This was attributed to the fact
that the Si ARC and HM samples underwent a depositing fluorocarbon etch to open the
ARC/HM layer, potentially leaving polymer on the surface that casts the lower frequency
roughness during a subsequent oxide etch. The organic ARC sample underwent a non —
depositing No/H; ARC open, allowing relatively smooth roughness transfer at a higher
spatial frequency. This point will be examined a bit closer in the next chapter, in which
the effect of opening the hardmask in a non-polymerizing, “chemical” Cl,/O, plasma is
investigated.

On the 193 nm samples, a “gentler” oxide etch was required due to the excessive
resist twisting observed under the 248 nm oxide etch condition. The SWR after oxide
etch was comparable to the 248 nm organic ARC results, and was independent of resist
type, ARC open chemistry, and oxide etch time. This suggests that the “gentle” oxide
etch itself possessed smoothing characteristics, and demonstrated that 193 nm resist
systems can be etched with a roughness comparable to 248 nm systems with careful
selection of processing conditions. However, this must be balanced against a reduction in
etch rate and selectivity, illustrating the relevance of bilayer resist technologies.

These results indicate that SWR transfer on the oxide substrates can be
maintained within reasonable limits, as long as the increasing resist/ARC roughness does

not extend to the oxide/ARC interface.
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Chapter 4 — Improvement of Sidewall Roughness Transfer Through the Variation
of ARC/Hardmask Open Plasma Chemistry

4.0. Abstract and Introduction

In the previous chapter, we observed how the interaction of different etch
chemistries with existing sidewall profiles can result in the loss of the original
morphological information and the creation of new spatial frequency domains that act as
physical templates for subsequent image transfer processes. The isotropic sidewall
roughness present on a lithographic feature can become anisotropic during a subsequent
ARC/hardmask etch, leading to striations that propagate down the feature sidewall. We
saw how excessive roughness transfer into the underlying substrate could originate from
striation propagation from the resist layer, and varied depending on the ARC/hardmask
material, ARC open chemistry, and/or the interaction between the two.

In this chapter, methods for modulating (and potentially improving) the transfer of
post—etch sidewall roughness to the underlayer, by varying the nature of the
ARC/hardmask open plasma chemistry, are discussed. It was found that, on the 248 nm
organic ARC system from Chapter 3, opening the ARC in a Cl/O, plasma chemistry (or
“chemical” ARC open) enabled an isotropic SWR to be maintained, at the cost of
reduced selectivity to resist. A subsequent oxide etch resulted in smoother sidewalls than
the samples with a “physical” No/H, ARC open, as no post ARC open striations were
present to transfer into the oxide.

It was also possible to etch the hardmask material in a Cl,/O, “chemical” HM
open, again resulting in an isotropic sidewall. After a subsequent oxide etch, the sidewall
roughness underwent a vast improvement over the hardmask samples opened with the
“physical,” highly depositing fluorocarbon chemistry described previously, with an RMS
roughness decrease of ~60% at the top of the oxide line (from 8 nm to 3.3 nm RMS).

Finally, a similar methodology was applied to the post — etch roughness of
polysilicon gate lines, patterned with a TEOS oxide hardmask. Varying the hardmask
etch conditions highlighted a roughness improvement mechanism driven by
polymerization during the hardmask open. Fluorocarbon polymer (formed on the gates

during the hardmask etch) filled in imperfections in the gate line, allowing a smoother
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transfer to the underlying polysilicon. However again the roughness improvement came
at a cost. The increased polymerization grew the width of the line during the hardmask
open, creating a “fatter” mask that resulted in wider gates than originally patterned.

These results indicate several methods by which modulating the ARC/HM open
chemistry can improve roughness transfer, and illustrates some of the tradeoffs (reduced

selectivity, CD shift, etc) involved.

4.1. Roughness Transfer via “Templating”

Recall from Chapter 3 that the state of the sidewall immediately prior to the
substrate etch was of critical importance in determining the final substrate SWR. It
seemed that faceting or striations formed during the ARC/HM open acted as “templates,”
transferring the roughness into the oxide. Neglecting for the moment any possibly effects
due to ARC open deposition, we might represent the templating process conceptually as
shown in figure 4.1. It schematically illustrates the process by which striations formed
during a “physical” type ARC open begin at the top of the resist line, and propagate down
the sidewall. By the time the ARC open is completed, the mask layer contains
microfeatures that can maintain themselves during the subsequent oxide etch, replicating

the streaked sidewall in the oxide substrate.

4.2, “Physical” vs. “Chemical” ARC/HM Open, 248 nm oxide samples

To investigate the role of striation formation during ARC/HM open on the final
post — etch oxide SWR, two categories of ARC/HM open plasma chemistry were

”

examined. The first is loosely defined as “physical,” characterized by large ion
bombardment. Both the Ny/H; organic ARC open and polymerizing fluorocarbon
hardmask open described in the preceding chapter fall into this category, in both cases
performed on a capacitively coupled LAM 4520XL etcher, with applied bottom power to
the wafer imparting an appreciable bias across the plasma sheath and inducing ion
bombardment. The physical nature of these etches offers good selectivity toward
photoresist and enhances the etch rate of the ARC or hardmask material, but facets the
resist corners and striates the sidewall.

The second category of ARC/HM open we have classified as “chemical.” These

etches were performed in a Cl,/O, etching chemistry on a high density inductively cou —
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Begin ARC open Resist Striations  Completion of ARC Streaks present

edges/corners begin to open after ARC open
begin to facet transfer Mask is streaked ~ transfer into
substrate

Figure 4.1 — Concept of ARC “templating.” At the beginning of the ARC open, the sidewall is smooth and
isotropic (a). However, a physical type etching process involving ion bombardment can create resist
faceting at the top of the line (b). These facets can develop into full striations that propagate the length of
the sidewall (c,d). Finally, the striations themselves act as templates that transfer the anisotropic
microstructure into the underlying substrate during a subsequent oxide etch (e).

pled LAM 9400 etcher with very little applied bias, allowing etching of the features
without imparting an anisotropic character to the sidewall structure. There is,
unfortunately, a trade—off (no free lunch!) in that etch selectivity between the ARC or
hardmask and photoresist is poor (~1:1) in the “chemical” ARC/HM open. Additionally,
since the Cl,/O, plasma tends to etch more isotropically, one must be wary of CD
narrowing. This occurs because photoresist lines can etch laterally as well as vertically in
the Cl,/O,, yielding final structures that are narrower than those originally patterned. The
trade-off between smoother sidewalls (desirable) and CD variation (undesirable) must be
carefully considered. It should be noted that the Cl,/O, etching conditions varied slightly
between the organic ARC and hardmask ; all etching conditions are detailed in table 4.1.

4.3. Organic ARC
Similar to the previous chapter, 8 inch Si wafers with ~10,000 A thermally grown

Si0, were coated with ~90 nm organic ARC. The samples were then spun coated with
~600 nm thick layer of the previously used 248 nm ESCAP chemically amplified
photoresist, and patterned with a dense (1:1 pitch) 150 nm line/space array using the
ARPAN mask described in Chapter 2. The samples were exposed using a KrF 0.63 NA
ASML stepper with annular illumination. Exposures were performed at the IBM TJ
Watson Research Center in Yorktown Heights, NY. Exposure doses ranged from 22 — 24

mJ/cm®.
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Table 4.1- Etch conditions for organic ARC and hardmask samples.

Etch Process Pressure | Top Bottom | Etch Gas Flow rates
(mT) | Power | Power | Time (sccm) Etcher
W | W (O]

“Physical”

1 ARC Open 40 500 500 15 200 N,, 200 H, LAM 4520 XL
“Chemical”

2 ARC Open 5 350 55 40 45Cl,, 150, LAM 9400
“Physical” 30 CHF;, 150 N,,

3 HM Open 30 1000 2000 15 100 Ar, 5 O, LAM 4520 XL
“Chemical”

4 HM Open 3 400 50 50 60Cly, 3 0, LA 9400

5 |OxideEwch| 60 | 600 | 600 | 9o [OOCEZCHE |1 apasrox

Following patterning, the organic ARC was opened in either the same N,/H,
“physical” etch (table 4-1, row 1), or a Clo/O; “chemical” etch (table 4.1, row 2). The
SWR on each sample was measured as described previously via AFM, and the sidewall
structural morphology was compared. Finally, all samples received the same highly
physical 90 s oxide etch (table 4.1, row 5). Differences in the post — etch SWR were thus
attributable to the differences in ARC open chemistry used.

4.3.1. Sidewall Morphology Differences due to “Physical” vs. “Chemical” ARC
Open

Figures 4.2 and 4.3 show cross sectional SEM images of the organic ARC line
patterns after both “physical” and “chemical” ARC open, respectively (the “physical”
sample is the same one described in chapter 3). Again, note the faceting due to ion
bombardment at the top of the “physical” sample. Also note the isotropic etching of the
ARC in the “chemical” ARC open, the rounded line tops, and the slightly higher amount
of resist loss.

Figure 4.4 shows an AFM image of the organic ARC sample sidewall after
“physical” ARC open, and is the same sample as described in chapter 3. To reiterate, the

large amount of ion bombardment present during this etch process has faceted the top of
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the resist, and striated the sidewall. We have already seen how these striations can

“template” themselves, casting the morphology of the oxide sidewall during a subsequent
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Figure 4.2 — Cross sectional SEM image of the Figure 4.3 — Cross sectional SEM image of the
organic ARC sample after a “physical” ARC open. organic ARC sample after a “chemical” ARC
Note the faceting at the top of the feature due to open. Isotropic etching can be observed in the
ion bombardment. ARC layer (lateral rounding), and slightly more
resist has been lost than in the “physical” case.

oxide etch. To investigate this phenomenon further, it was desired to open the ARC in a
chemistry that would not leave striations, and was accomplished with the Cl,/O,
“chemical” ARC open. Figure 4.5 shows the corresponding AFM sidewall image of the

“chemical” organic ARC sample.

Figure 4.4 — Sidewall AFM image of the organic Figure 4.5 — Sidewall AFM image of the organic
ARC sample after “physical” ARC open. lon ARC sample after “chemical” ARC open. No
bombardment has faceted the top of the resist, and striations are observable, instead, an isotropic
striated the sidewall. morphology is obtained.

The difference in sidewall morphology between the “physical” and “chemical” samples is

rather stunning. No striations are observable — instead, the surface is isotropic, similar to
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the photoresist sidewall observed in the previous chapter. The surface itself has been
smoothed by the etch. Recall that the resist surface had an RMS roughness of ~4 nm. In
contrast, the sidewall after “chemical” ARC open has a roughness of ~2.5 nm. The high
points on the sidewall have been smoothed by the isotropic nature of the Cl,/O, plasma
chemistry, in a manner similar to that described by Rauf’.

The advantages of beginning the underlying oxide etch with a smooth sidewall are
apparent. According to our very simple, conceptual picture of the templating process,
striations present on the sidewall immediately prior to etching the substrate will maintain
themselves, duplicating the anisotropic morphology. However, if no striations are
present, it might be possible to open the oxide in a smoother fashion, as striations will

have to propagate from the top of the resist line rather than from the ARC/oxide interface.

4.3.2. “Physical” vs. “Chemical” SWR Comparison After Oxide Etch, Organic ARC

To test this hypothesis, organic ARC samples were subjected to either a
“physical” or “chemical” ARC open as described above, and then underwent a 90 s oxide
etch. The oxide etch conditions were the same as those described in Chapter 3, and are
detailed again in table 4-1, row 5.

Figures 4.6 and 4.7 show the resulting sidewall AFM images of both samples. We
can observe immediately that our hypothesis is correct. The post — etch “physical” sample
(the same one from Chapter 3) shows the familiar striations propagating down the whole

of the sidewall. In contrast, the oxide sidewall surface on the “chemical” ARC open sam—

Figure 4.6 — Sidewall AFM image of “physical” Figure 4.7 — Sidewall AFM image of “chemical”
ARC open sample after 90 s oxide etch. The ARC open sample after 90 s oxide etch. The oxide
striations present after ARC open have templated, sidewall is visually much smoother on the bulk of
transferring the anisotropic morphology into the the oxide sidewall as no striations were left after
oxide sidewall. ARC open.
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ple is visually much smoother. Striations present on the bulk of the oxide sidewall are
relatively shallow. It can be inferred from these results that, indeed, the state of the
resist/ARC sidewall after ARC open does greatly affect the final post — etch SWR of the
substrate. Carefully tuning the ARC open chemistry to a more “chemical” type etch
offers one way to improve SWR transfer, as long as the lower etch selectivity and CD
bias inherent with these chemistries can be tolerated.

Further evidence of the lower SWR transfer obtained with a “chemical” ARC
open can be obtained by stripping the remaining photoresist and ARC from the post —
etch samples, and observing the lines top — down via SEM. Recall that, on the “physical”
ARC open sample, “mousebites” were observed at the top of the oxide as deep striations
penetrated the ARC/oxide interface during the etch. The image is repeated in figure 4.8.
However, fewer mousebites are observable on the “chemical” ARC open sample (figure
4.9), indicating that, as believed, striation transfer through the ARC/oxide interface is

lessened through the use of a smoother ARC open chemistry.

Mousebites

Figure 4.8 — Top down SEM of “physical” ARC Figure 4.9 — Top down SEM of “chemical” ARC

open sample after oxide etch, with remaining open sample after oxide etch, with remaining

resist/ARC stripped. “Mousebites” are observable resist/ARC stripped. No mousebites are visible,

on the line edges, indicating striation penetration demonstrating that smoother oxide lines can be

through the ARC/oxide interface. obtained through the use of a smoother ARC open
chemistry.

4.4. Hardmask

Since the results seemed very successful on the organic ARC samples, we
investigated using a similar approach to improve SWR transfer on hardmask samples as
well. Recall that the hardmask material was opened in a highly physical depositing

fluorocarbon chemistry. It was also possible to open it in a “chemical” Cl,/O, chemistry
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similar to that used on the organic ARC. The etching conditions were slightly different

(lower pressure, more Cls, less O) and are detailed in Table 4-1, row 4.

4.4.1. “Chemical” Hardmask Open

After lithography, a “thick” hardmask sample was etched in the Cl,/O, chemistry
described above (for 95 s) to elucidate the resulting sidewall roughness morphology. A
“thick” sample was used at this stage to ensure that some of the hardmask surface would
be visible in the AFM; on a corresponding “thin” hardmask sample the entire hardmask
layer was shadowed by the AFM tip and was not visible. The cross sectional SEM and
the sidewall AFM image of the “thick™ hardmask sample after the “chemical” hardmask
open are shown in figures 4.10 and 4.11, respectively. Note that the hardmask material
has only been partially etched through (the 95 s etch time was not sufficient to clear the
hardmask layer), and that much of the hardmask is shadowed at the bottom. Nevertheless,
the structure of the sidewall on both the resist and hardmask is visible.

A comparison of figure 4.11 with figure 3.30 shows a similar trend as that
observed on the organic ARC. The “chemical” hardmask open enabled the hardmask
material to be etched while maintaining a smooth, isotropic surface, devoid of etch
striations. It was hoped that, similar to the organic ARC, this smoother sidewall
immediately prior to oxide etch would enable a smoother oxide sidewall, with less SWR

transfer than the “physical” fluorocarbon hardmask open chemistry.

L » Hardmask

Resist

Hardmask

Figure 4.10 — Cross sectional SEM of “thick” Figure 4.11 — Sidewall AFM image of the “thick”

hardmask sample after “chemical” hardmask hardmask sample after “chemical” hardmask open.

open. The hardmask has only been partially Even though the majority of the hardmask surface is

etched. shadowed at the bottom, the isotropic sidewall
morphology can be observed. The surface is free of
striations, and is smooth.
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4.4.2. “Physical” vs. “Chemical” SWR Comparison After Oxide Etch, Hardmask

A 150 s “chemical” hardmask open was required to completely clear the
hardmask layer on the “thick” hardmask samples. Because a Cl,/O; etch of this length
left only ~200 nm of resist, the oxide etch comparison was performed using “thin”
hardmask samples that required only a 50 s “chemical” hardmask open. An AFM image
of the “thin” hardmask sample after “chemical” hardmask open is, unfortunately,
unavailable. However, the sidewall morphology is essentially the same as that found on
the “thick” hardmask sample described above.

Figures 4.12 and 4.13 show the post-oxide-etch sidewall AFM images of “thin”
hardmask samples with “physical” fluorocarbon and “chemical” Cl,/O; hardmask opens,
respectively. The “physical” image is the same one as in chapter 3. Recall, this surface
was characterized by broad, deep striations that propagated from the top of the resist,
through the hardmask, and traversed all the way down to the bottom of the oxide. In

Figure 4.12 — Sidewall AFM image of “thin” Figure 4.13 — Sidewall AFM image of “thin”

hardmask sample with “physical” ARC open after hardmask sample with “chemical” hardmask open

oxide etch. The surface is characterized by broad, after oxide etch. In comparison, the sidewall is

deep striations that traverse the length of the much smoother. The broad striations present on

sidewall. the “physical” hardmask open sample are not
seen. The surface is flat and smooth, with only
shallow striations.

contrast, the “chemical” hardmask open sample, after oxide etch, is significantly
smoother. The surface is flat, with shallow striations on the resist that mostly die out by
the time the oxide is reached. The extremely broad surface striations observed on the
previous sample are not seen even on the slightly striated resist surface, where the streaks
that are present are rather narrow. It is this result that we believe indicates the role of

fluorocarbon deposition during the ARC open as the source of the broad striations. Since
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there is no deposition during the “chemical” hardmask open process, the raw nature of
the sidewall surface is preserved.

The immense degree of SWR improvement observed on the hardmask samples by
using a “chemical” etch to open the hardmask material can be quantified by plotting the
depth — dependent SWR of both samples. Figure 4.14 shows the graph, plotted as a
distance from the hardmask / oxide interface. The “physical” hardmask open sample had
an RMS roughness of ~ 8 nm at the interface. In contrast, however, roughness on the
sidewall of the “chemical” hardmask open sample at the same location was improved by
almost 60%, with a value of ~3.3 nm RMS.

Results of these experiments are summarized in table 4.2.
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Figure 4.14 — Depth dependent SWR after oxide etch for “physical” hardmask open samples (a) and
“chemical” hardmask open samples (b), both plotted vs the distance from the hardmask/oxide interface.
Note that using a smoother hardmask open has significantly improved the SWR on the entire oxide
sidewall, and has reduced the roughness at the interface by almost 60% (from 8 nm to 3.3 nm RMS).
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Table 4.2 — Summary of ARC Open Effect

Sample | ARC Open | Sidewall After | Sidewall Comments
Type Chemistry ARC Open after 90s
Oxide Etch
Organic | Physical Striated Striated | Striations left after ARC open
ARC N,/H, transfer down into oxide
Organic | Chemical Isotropic Slightly | No striations after ARC open,
ARC Cl,/O, Striated, oxide sidewall smoother
Smoother
Hard Physical Striated Broad Broad striations may be due to
Mask | Fluorocarbon Striation FC deposition during ARC
open
Hard Chemical Isotropic Smoother, | Non — depositing ARC open
Mask ChL/0, Narrow yields smoother sidewall
Striation without broad striations

4.5. Roughness Modulation via Hardmask Etch Variation for Polysilicon Gate Etch

Processing

Similar to the back — end processing scheme described in Chapter 3 and above,
the implications of varying etch processing parameters on roughness transfer during a
front — end polysilicon gate etch process was investigated.

Previous researchers have investigated roughening of polysilicon gates via
simulation, showing that gate LER affects both the transistor off current I, and Vig:.
Additionally, the variance of both Vy, and Ly, scale with the gate line edge roughness?.
The effects of processing on the gate LER profile have been previously studied via both
experiments and simulation for resist trim’, mask open selectivity and gate etch®, and
through simulation to identify the effect of gate LER on the device drive current and
leakage current>®. However, a detailed study of the effects of the hardmask open

chemistry has not been performed.
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4.5.1. Experimental

The gates stack consisted of a 220 nm thick methyl adamantine-co-lactone
acrylate-based 193 nm resist, 90 nm organic ARC, 50 nm oxide hardmask, and 150 nm
undoped polysilicon. The organic ARC was etched and the resist was trimmed
simultaneously in a CF4-O, plasma. The hardmask were then etched in a CHF;-CF;-
based plasma. Finally, the polysilicon was etched in an HBr/O, plasma. The resist was
patterned with a production mask, with nominal 80 nm gate features. The wafers were
run in a production environment at IBM’s Advanced Semiconductor Technology Center
in East Fishkill, NY. Since the patterning, tooling, and etch processing was production
level, further specifics cannot be released. Figure 4.15 shows the processing scheme to

form the polysilicon gates.

Initial Stack Resist Trim Hardmask ResisttBARC Gate Hardn.'lask
193 Litho BARC open Etch strip Etch strip

2200A Resist

900A BARC §
500A TEOS IS

1500A Poly

Si

Figure 4.15 — Processing scheme to form polysilicon gate features. A simultaneous ARC open / resist trim
in CF4/O, was followed by a CHF,/CF, oxide hardmask open. After stripping the remaining resist and
ARG, the etched hardmask was used to pattern the polysilicon gates in an HBr/O, chemistry. The hardmask
open chemistry was varied, and the effect on the LER of the final etched polysilicon gates was observed.

Recalling our contention that it is the state of the sidewall immediately prior to the
final substrate etch that is critical in modulating the final SWR of the etched feature, we
systematically varied the hardmask open plasma chemistry, and observed any resulting
changes in the roughness of the final resulting polysilicon gate lines.

A full 2° two — level design of experiments (DOE) was performecf, varying the
hardmask open etch conditions. The factors varied were the pressure, bottom power, and
CHF3/CF, gas ratio, yielding eight wafer splits. A ninth split was run at the midpoint

condition, and represented the baseline process currently used in production. Table 4.2
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lists the levels and etching conditions for each run. Each wafer underwent the standard
ARC open / resist trim, then was processed with its assigned hardmask open chemistry.
Finally, all received the same, standard gate etch. Thus, any differences in the line
profiles are directly attributable to the hardmask etch chemistry modulation.

Recall from section 3.1.1 that the sidewall AFM technique requires dense lines
and spaces to ensure that the cleave is close enough to a line to allow analysis. Since the
gates patterned and etched in this experiment were isolated lines, using AFM to
determine the gate roughness was not possible. Therefore, we used edge extraction
analysis of top-down SEM images acquired via a VERASEM. While not as visually
appealing and lacking in depth-dependent information, this method had the advantage of
rapid, multiple data collection from many points on the wafer simultaneously, and
allowing us to apply statistics to the results. 23 — 27 lines were analyzed on each wafer as
follows : each gate line edge was extracted from the image, and the linewidth was
measured at several hundred locations on the gate, yielding raw line width data. The
VERASEM algorithm then distinguished between high frequency roughness and low
frequency roughness by passing the line width data through a 15 point moving average
window (which acts as a low — pass filter), yielding both a smoothed line width profile
and a profile of the residuals. The average of the residuals was defined as the “high
frequency line width roughness,” or HFLWR, and was the roughness statistic monitored
for each gate line measured on each wafer. The average of the line widths measured for
each line was also tracked as the line critical dimension, or CD. The effect of varying the
hardmask open chemistry on both the HFLWR and the CD was monitored for the
experiment. It should be noted that the roughness data was calculated for the line width
rather than the line edge. For uncorrelated edges (meaning the roughness on one side of
the line has no spatial relationship to the roughness on the other side) the numbers

calculated by performing the analysis on the line width or the line edge should be

equivalent within a factor of NG

4.5.2. AFM Measurements for Pre-Gate Etch Samples, Baseline Process

Since the production samples did not allow AFM results to be obtained, parallel

samples were prepared in a dense line/space pattern. The same gate stack shown in figure
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4.15 was patterned in 110 nm dense lines using the DARPA mask, and etched similarly
to the isolated gate samples. The dense samples were stopped at intermediate stages in
the processing to allow AFM images to be taken at each etch step (after litho, ARC
open/trim, hardmask open, and gate etch). Cross sectional SEMS were examined to
determine if the dense patterns etched similarly to the isolated gates, and they did up
through the hardmask etch. The gate etch, unfortunately, created severe pitting on the
dense samples, preventing AFM imaging. However, sidewall AFM images were obtained
for 110 nm dense line/space samples after lithography, ARC open/trim, and hardmask
open (with the baseline process outlined in table 4.3, row 9). They are shown in figures

4.16 — 4.18, below. Figure 4.19 shows the corresponding cross sectional SEMS.
Table 4.3 — 2° two - level factorial DOE for hardmask open etch on polysilicon gate samples

Wafer | Bottom | Pressure | CHFs/CF, | Bottom | Pressure | CHF3/CF,
Power | Level Ratio Power | (mtorr) Ratio
Louel T eyel far1a) Lecomlonnm)
1 - - - 60 20 15/25
2 + - - 140 20 15/25
3 - + - 60 60 15/25
4 + + - 140 60 15/25
5 - - + 60 20 25/15
6 + - + 140 20 25/15
7 - + + 60 60 25/15
8 + + + 140 60 25/15
9 0 0 0 100 40 20/20
(baseline)

The initial lithography, similar to before, was isotropic in nature. The sidewall
had an RMS roughness of ~3.9 nm. The elevated value is again due to a slightly non —
optimized ARC thickness, which produced a standing wave in the resist sidewall visible
in figure 4.19a. The CF4/O, ARC open / trim striated the sidewall, but the non-
polymerizing, slightly “chemical” nature of the etch yielded a significant smoothing as

compared to the initial resist (with a reduction in RMS roughness from 3.9 nm to 1.8
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nm). The baseline TEOS hardmask open left the sidewall slightly striated, with a further

small reduction in roughness to 1.5 nm RMS.

4.5.3. Polysilicon Gate Results

After etching each wafer, top down SEMs of gate lines at various locations were
imaged, and both the HFLWR and CD were calculated for each line as described above.
Table 4.4 shows the results for each experimental condition, and lists the experimental

condition, number of gates, average HFLWR and CD, and standard deviations for both

o *i;:' A b "‘],.)4

Figure 4.16 — Sidewall AFM image of gate Figure 4.17 — Sidewall AFM image of gate stack,

stack, post litho. The sidewall is isotropic, with post ARC open / resist trim. The process has striated

an RMS roughness of ~3.9 nm. the sidewall, but reduced the RMS roughness to ~1.8
nm.

Figure 4.18 — Sidewall AFM image of gate stack,
post hardmask open (baseline process). The striations
have maintained themselves, but the sidewall is
again slightly smoother, with an RMS roughness of
~1.5 nm.
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Figure 4.19 — Cross sectional SEMs of dense gate stack after lithography (a), ARC open / trim (b), and
hardmask open (c). Note the slight standing wave present in (a) due to a non — optimized ARC thickness.

quantities. Figure 4.20 shows representative SEMs of gate lines (from wafer 9 : baseline,
wafer 3 : -+-, and wafer 6 : +-+) that were analyzed as described above, and show

differences in roughness and line width.

Table 4.4 - Results from Polysilicon Gate Experiment

Wafer Condition Number Avg StDev Avg StDev
(Pressure, Bottom ﬁ;‘: HFLWR | HFLWR | CD CD
Power, CHF3/CFy4) per wafer
1 - 25 5.8 0.52 88.8 25
2 -+ 27 6.4 0.58 80.4 2.2
3 -+- 23 10.7 2.35 80.8 3.6
4 -++ 26 5.9 0.40 82.0 2.4
5 +-- 25 6.3 0.55 90.2 2.0
6 +-+ 26 5.6 0.44 100.2 1.8
7 ++- 27 5.9 0.41 87.6 2.5
8 et 27 5.6 0.49 96.4 2.9
9 000 (baseline) 27 5.8 0.41 81.6 3.0

A paired t-test was performed to compare the difference of the means between each
experimental run (wafers 1-8) and the baseline (wafer 9) against the estimated standard

error of each difference in means. For each comparison, the t statistic is given by:

(}71 - J_}baseh‘ne ) ) _ (J_", - ybaseiine)

o= =
2 1 1 estimated std error
5 +
/\[ i A{ baseline

where t = t statistic, y,= mean of wafer i, y,,.,.= mean of wafer 9, N; = # of gate lines

4.1)
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for wafer i, Npaseline = # of lines for wafer 9 (in this case, 27 lines), and s = pooled

variance of wafers i and 9, as calculated by the following:

(4.2)

where i = wafer number, s; = standard deviation calculated from wafer i, and v; =
degrees of freedom of wafer i and is equal to Nj-1. n is the null hypothesis, in this
case, that ¥, —¥,..ime =0. The quantity in the denominator of equation 4.1 is the
estimated standard error of the difference in the means. Once the t statistic is calculated
for each pairing, the significance level is obtained by calculating the probability given
by a one — tailed t distribution with (Nj + Npaseline — 2) degrees of freedom.

-

Figure 4.20 — Representative SEMs of polysilicon gates processed with 3 different hardmask open
chemistries, showing differences in roughness and line width. a) baseline process. b) -+- process,
roughest lines, but no CD growth. C) +-+ process, smoother lines, but large CD growth.

Table 4.5 lists the estimated standard error, t value, and significance level for both the
HFLWR and CD results, for each wafer as compared to the baseline run. Results with
significance levels of 5% or lower are highlighted.

Many of the treatments appear to be statistically significantly different from the
baseline hardmask open, both for roughness and line width. We further can verify these
results through the use of an analysis of variance (ANOVA) for the treatments (for both
HFLWR and CD). The results are listed in table 4.6. The between — treatment mean
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square (sr°) is much larger than the within — treatment mean square (sg?) for both
quantities, verifying that there is a significant difference between some of the treatments.
We can get a quick, visual determination of which treatments differ from which by
plotting the treatment means beneath a t-distribution, centered over the baseline treatment

mean, and scaled by the factor:
S2

t-scale =% 4.3
-2 (43)

Table 4.5 — Results of paired t-tests for treatments vs. baseline.

HFLWR D
Wafer Est. ' Est. .
29 std | t | S8 o Std t St

Ybaseline | Frror Level I Yoaseline | g0 Level
T 0.04 | 0.129 | 0.32 [ 37.58% ] 7.21 | 0.772 | 9.34 | 0.00%
2 () 0.41 0.133 | 3.07 | 0.17% | 866 | 0.719 | 12.04 | 0.00%
3 () 4.85 0.459 | 105 | 0.00% | -0.74 | 0.942 | 0.78 | 21.86%
4 (—+) 0.08 0.111 | 0.73 | 23.35% | 5.98 | 0.756 | 7.90 | 0.00%
5 0.54 0.136 | 3.96 | 0.01% | -1.15 | 0.715 | 1.61 | 571%
6 () 024 | 0116 | 210 | 2.06% | 1863 | 0.683 |27.26 | 0.00%
7 (++) 0.01 0.111 | 0.11 | 4565% | 046 | 0.746 | 0.62 | 26.83%
8 (+++) 023 | 0122 190 | 317% | 1481 | 0.811 | 18.26 | 0.00%

where N = average number of samples per treatment (in our case, 25.8), and sg’ = within
— treatment mean square. The results are plotted in figures 4.21 (HFLWR) and 4.22 (CD).
The treatment means located far from the center of the distribution indicate a statistically
significant deviation from those located underneath the distribution. The significant
differences identified by ANOVA are identical to those indicated by the paired t-tests,
providing a convenient check on the statistical analysis.

Complex interactions are apparent by the numerous treatments that possess a
statistically significant difference in mean from the baseline, and the analysis shows us
that indeed, modulating the hardmask open plasma chemistry does have an effect on the
resulting roughness of the etched polysilicon gates. While interesting, however, we would

like some insight into the mechanism behind the line roughening and CD variation, which
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the t-tests and ANOVA do not provide. To understand the mechanism, it is necessary to
decouple the effects of the process variables.

To accomplish this, a factor analysis was performed on wafers 1-8 for both the
HFLWR and CD results to elucidate both the individual and combined contribution of the
three experimental variables, and to understand the mechanism by which modifying the
hardmask open chemistry influences the gate roughness transfer (the analysis is

equivalent to a regression). The factors have been coded as : Pressure = 1, Bottom Power

Table 4.6 - Results of ANOVA analysis.

HFLWR CD
Within - Treatment
Mean Square (sg°) 0.75 6.74
Between - Treatment
Mean Square (s1°) 61.08 1330.96
F7201 (ST°/SR°) 81.56 197.43
Significance Level 0.000% 0.000%
o § s
\ l\ [/ |

7 8 9 10 1" 80 85 90 95 100 105
Treatment Mean (nm) Treatment Mean (nm)

Figure 4.21. HFLWR treatment means plotted Figure 4.22. CD treatment means plotted with a
with a scaled t-distribution centered over the scaled t-distribution centered over the baseline
baseline mean. The same treatments (--+, —+-, +--, mean. The same treatments (---, -+, —++, ++, and
+-+, and +++) identified as significantly different +++) identified as significantly different from the
from the baseline by a paired t-test are identified baseline by a paired t-test are identified by the
by the ANOVA. ANOVA.

= 2, CHF3/CF4 ratio = 3. After application of Yates’ algorithm7, the first, second, and
third order interactions (describing the individual and combined contributions of each
experimental variable) and an estimate for the standard error of each factor is calculated
as shown in table 4.7. The standard error estimates are calculated by first obtaining a

pooled variance (equation 4.2, using the standard deviation and number of samples from
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all wafers 1-8. Application to the HFLWR and CD data yields pooled variances of:
s2arLwr = 0.91, s%cp = 2.54).

Next, the estimates for the variance of the mean and the factors are given by:

V(mean) = %}2— (4.4)
V (effect) = %sz 4.5)

where s? = pooled variance, and N = total number of gates on all wafers 1-8 (in this data
set, 198 gates). Finally, the standard error is calculated by taking the square root of the

variance, ie:

std error(mean or effect) = JV(mean or effect) (4.6)

Table 4.7 - Results of factor analysis

Factor
HFLWR CD
Estimate Std. Error Estimate Std. Error
i

Mean 6.52 0.19 88.31 0.31
1 -1.31 0.13 291 0.35
2 1.01 0.13 -3.21 0.35
12 -1.27 0.13 2.11 0.35
3 -1.34 0.13 10.57 0.35
13 0.82 0.13 6.49 035
23 -1.17 0.13 -0.04 035
123 1.44 0.13 2.67 0.35

Applying equations 4.2, and 4.4 — 4.6 to the HFLWR and CD results, we arrive at the
standard errors listed in table 4.7.

To observe which factors significantly impact the HFLWR and CD, we can again
utilize the concept of a representative t-distribution, this time centered at zero and

appropriately scaled by the factor standard error. The results for both statistics are shown
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in figure 4.23 (HFLWR) and 4.24 (CD). Since the total DOF is high (190) a normal
distribution is plotted rather than the t distribution. These figures summarize the tabular
data in an easy — to — interpret fashion, and provide for an immediate assessment of the
important factors and interactions. Factor values that lie far outside the distribution can be
taken as contributing in a statistically significant fashion.

A glance at the two plots reiterates our previous finding that there exist complex
interactions between all three process variables for both roughness and line width.
However, the data can be interpreted together in such a way as to highlight the probable

mechanism of roughness modulation in this process.

1 = Pressure
2 = Bottom Power
3 = CHF4/CF, ratio

1 = Pressure
2 = Bottom Power
3 = CHF4/CF4 ratio

12
3 23 13 128 123 12
N\ // 2 2 3 1 13 3
e . *o—o | e e SLE W S — -
2 <15 <1 05 0 05 1 156 2 4 2 0 2 4 6 8 10 12
Figure 4.23 — Factors and interactions contributing Figure 4.24 — Factors and interactions

to HFLWR modulation, plotted under a scaled t-
distribution. All individual and higher — order
interactions fall outside the distribution, suggesting
that all have a statistically significant effect on
HFLWR.

contributing to CD modulation, plotted under a
scaled t-distribution. Except for the 23 interaction
(Bottom Power x gas ratio), all individual and
higher — order interactions fall outside the
distribution.

Let us first examine the individual (first — order) factors for both the HFLWR and

CD modulation. They are:

Factor HFLWR
Pressure (1) -1.31 nm
Bottom Power (2) +1.01 nm
CHF3/CF4 (3) -1.34 nm

CD

+2.91 nm
-3.21 nm
+10.57 nm

These should be read as “Raising pressure from the low condition (20 mT) to the high
condition (60 mT) decreases HFLWR by —1.31 nm, and increases the line CD by +2.91
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nm,” and so forth. We see that the roughness and CD effects are opposite in magnitude,
meaning that to first order, every decrease in roughness in accompanied by an increase in
the line width. Roughness goes down with increasing pressure, decreasing ion
bombardment, and increasing CHF3, with the opposite trend for the CD. The smoother
lines accompanied by a CD growth are highly suggestive of a polymerization mechanism
for the line roughness modulation. Conditions that increase polymerization (ie high
pressure, low power, high CHF3) lay down polymer on the lines during the hardmask
open. The polymer tends to fill imperfections in the line edge, yielding a smoother line
after gate etch. However, the deposition grows the line during the hardmask open,
resulting in a “fatter” mask used to etch the polysilicon, and creating wider gates. The
raw data backs this hypothesis up. The sample with the hardmask opened under the least
polymerizing condition (wafer 3, -+-) was the roughest by far (10.7 nm HFLWR) without
showing CD growth. The sample with the hardmask opened under the most polymerizing
condition (wafer 6, +-+) was the smoothest (5.6 nm HFLWR), but had a 25% CD growth,
the most of all the samples (100.2 nm CD). As on the oxide samples, where we gained
smoother lines at a cost (decreased selectivity), this is another example of “no free
lunch,” where the requirements of line smoothness and line width must be balanced
against each other.

Figures 4.23 and 4.24 show that most of the 2-factor interactions are significant as
well. However, they must be analyzed jointly. Table 4.8 shows the 12, 23, and 13 joint
interaction squares for both the HFLWR and the CD. The bold numbers show the effect
on the HFLWR or CD by moving from one condition to the other for one variable, while
leaving the other constant. They should be read as: “HFLWR 12 interaction. At the low
power condition (60 W), an increase in the pressure from the low condition (20 mT) to
the high condition (60 mT) yields an 0.04 nm decrease in the HFLWR. Conversely, at the
high power condition (140 W), an increase in the pressure from the low condition to the
high condition decreases the HFLWR by 2.58 nm.” The interaction squares can be read
across as well as down, ie: “HFLWR 12 interaction. At the low pressure condition (20
mT), increasing the power from the low condition (60 W) to the high condition (140 W)
yields a 2.28 increase in the HFLWR. Conversely, at the high pressure condition (60 mT),

increasing the power from the low to the high condition yields a 0.26 nm decrease in the
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HFLWR..” Note that not all variations are significant, those that are (defined as a change
of more than 3X the effect standard error) are highlighted. Also note the 23 interaction
for CD, which shows no difference in effect regardless of level (confirming the factor
calculation that showed this interaction to be statistically insignificant).

The analysis of the 2-factor interactions provide more detail into the CD/roughness trade
— off, illustrating the rather complex interplay of the experimental variables. Still, the
second order effects mirror those discovered through our analysis of the first order, and
seems to confirm the hypothesis of a polymerization driven smoothing. Increasing the

power (ion bombardment) at all conditions, roughens the lines
Table 4.8 - Joint factor interactions (12, 23, and 13).

HFLWR 12 interaction CD 12 interaction
+ 5.99 -0.26 5.74 + 90.32 -1.10 89.22
Pressure| -0.04 -2.58 Pressure| 0.81 5.02
- 6.03 2.28 8.31 - 89.51 -5.31 84.20
- Power + - Power -

23 interaction

HFLWR 23 interaction CD (insignificant)
+ 8.28 -2.51 5.77 + 81.44 10.53 91.97
Power 218 -0.16 Power -3.17 -3.25
- 6.09 -0.17 5.93 - 84.61 10.61 95.22
- CHF; + - CHF; +
HFLWR 13 interaction CD 13 interaction
* 6.12 -0.51 5.61 + 81.24 17.06 98.30
Pressure| -2.13 -0.48 Pressure| -3.58 9.40
- 8.25 -2.16 6.09 - 84.81 4.08 88.89
- CHF3 i+ - CHF; *

Increasing the CHF; flow (and thus, the polymerization of the hardmask open chemistry),
under all conditions, smooths the lines. Increasing the pressure at high power, and all

CHF; flow, smooths the lines. Therefore, under any combination of variables that
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increases the polymerization of the etch, smoother gates result, and are almost always
accompanied by a growth in the line width.

The third order interaction can be analyzed in a similar fashion (by forming joint
interaction squares of 12 vs. 3, 13 vs. 2, and 23 vs. 1). These are omitted for simplicity,
as they show similar interactions to the first and second order effects, again indicating a
polymerization induced smoothing with associated CD gain.

It should be noted that the gate smoothing induced by polymerization during the
hardmask etch is opposite to the trend noticed on the oxide samples, where excess
polymerization during the hardmask open seemed to increase the final oxide sidewall
roughness. This may be due to either fact that the oxide samples were etched without a
resist strip, or to differences in the substrate etch chemistries. First, etching the oxide
samples without a resist strip allows the polymer deposited during the hardmask open to
remain, potentially leading to the observed increase in post — etch oxide roughness as
previously described. The polysilicon samples, on the other hand, underwent a resist
strip, and used only the remaining hardmask to etch the gates. The resist strip may have
removed the residual polymer from the hardmask sidewall, preventing excessive
roughening during the etch. Second, the oxide substrate was etched in a fluorocarbon
chemistry, while the polysilicon was etched in HBr/O,. The latter chemistry is probably
an effective remover of residual polymer, while the oxide etch chemistry promotes

further deposition.

4.6. Summary

In this chapter we have observed how maintaining the state of the feature sidewall
immediately prior to the substrate etch is of critical importance in determining roughness
transfer to the substrate. Several examples of modulating roughness through modifying
the ARC/hardmask open were shown. On oxide samples with organic ARC or an
inorganic hardmask, using a Cl,/O; “chemical” ARC/hardmask open chemistry allowed a
smoother sidewall to be maintained, providing less roughness transfer than using
“physical,” high ion bombardment chemistries (with an almost 60% improvement on the
hardmask samples). However, the roughness improvement came at the cost of decreased

selectivity over resist during the hardmask open. For polysilicon gate etching with an
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oxide hardmask, modulating the hardmask open also proved to effect the roughness of the
final etched gates. The mechanism was shown to be due to polymerization forming on
the gates during the fluorocarbon hardmask etch. Greater polymerization filled in
imperfections in the gate line, allowing a smoother transfer to the underlying polysilicon.
However, again the roughness improvement came at a cost. The increased polymerization
grew the width of the line during the hardmask open, creating a “fatter” mask that

resulted in wider gates than originally patterned.
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Chapter 5 — Impact of Thin Resist Processes on Post—Etch Line Edge Roughness

Transfer : Influence of Photoresist Thickness and Fluorine Content

5.0. Abstract and Introduction

Requirements of the sub —~ 70 nm technology nodes limit resist film thicknesses to
less than 150 nm for critical circuit levels, for the reasons described previously (pattern
collapse', etc), creating challenging conditions for etch processing. Much of the resist
layer can be consumed during the ARC open, leaving insufficient masking material
remaining to pattern the substrate and creating excess roughness transfer. Additionally,
with conventional lithography techniques these nodes will require a shift to even shorter
exposure wavelengths than 193 nm, namely 157 nm (F;) and EUV (extreme ultraviolet,
13 nm). Current photoresists are highly absorbing at these wavelengths, rendering them
useless as lithographic systems. Consequently, the incorporation of fluorine into the resist
structure is required to obtain transparency at the new exposure wavelength®®. This
added fluorine can yield lower etch selectivity to the underlying ARC, causing the resist

to etch faster than a similar non-fluorinated material>®

, and potentially creating
roughness.

In this chapter, the impact of employing thin and/or fluorinated photoresists on
the post etch line edge roughness transfer into oxide substrates was investigated. First, a
non-fluorinated, very thin (130 nm) resist was investigated. It was found that almost haif
of the resist thickness was consumed during the ARC open, leaving inadequate masking
material remaining to properly etch the oxide. At the feature edges, all the resist and ARC
was consumed during a 0.6 um oxide etch, leaving the substrate exposed and causing
mousebite formation. Next, blanket etch rates of fluorinated 193 resists with varying
fluorine content were measured in both halogen and fluorocarbon plasma chemistries.
The dependence of the etching rate on resist fluorine content showed a “threshold”
behavior in both chemistries. Resists with fluorine content below the threshold showed
no significant etch rate enhancement. However, once the fluorine content of the resist
increased beyond the threshold, etching rates increased monotonically. Sidewall
roughness transfer was compared on 3 different resist systems: 1) non-fluorinated, 2) sub

— threshold fluorine content, and 3) super-threshold fluorine content. Roughness transfer
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on the sub-threshold resist was only slightly higher than the control. However, the super-
threshold system showed severe roughening during etch accompanied by extreme resist
consumption, faceting at the resist corners, and large mousebites left on the oxide lines.
These results have important implications for the success of 157 nm lithography.
Because 157 nm resists are expected to be heavily fluorinated and extremely thin, it may
become impossible to pattern certain levels using the conventional single layer resist /
organic ARC approach that works well for 248 and 193 nm systems. These levels will
require the use of alterative patterning schemes such as hard mask and / or bilayer
approaches, which are expected to gain importance as the industry migrates to sub-70 nm

nodes.

5.1. Non-Fluorinated 193 nm Resist (“Methacrylate”)

The same 193 nm adamantine—co—lactone acrylate based resin examined in
Chapters 3 and 4 (“methacrylate” resist) was used as a control to compare to the
fluorinated resist systems. Thermal oxide substrates were spun coated with ~90 nm of
organic ARC, and patterned in a 260 nm thick, 150 nm dense line/space pattern using the
DARPA mask. Exposures were performed on a 0.75 NA ASML stepper with annular
illumination (as were all the resists discussed in this chapter). Figures 5.1 and 5.2 show
the cross sectional patterns and sidewall AFM image (repeated from chapter 3). The resist
sidewall has an RMS roughness of ~3.6 nm (smoother than the 248 nm system) with no
evidence of a standing wave, indicating a better optimized ARC thickness.

5.1.1. ARC Open

The ARC was opened in a CF4/O; plasma chemistry (30s, 300 W, 40 mT, 90
sccm CFy4, 10 sccm O, 160 scem Ar) in a TEL DRM etcher. Approximately 120 nm of
resist was consumed during the ARC open. Additionally, the slight overetch resulted the
consumption of ~30 nm of the oxide substrate, due to the fluorocarbon nature of the etch.
A cross sectional SEM of the etched profiles is shown in figure 5.3.

This ARC open shares characteristics of both the “physical” Ny/H, and
“chemical” Cl/O, chemistries investigated previously. The sidewall is striated due to the

significant physical nature of the etch, owing to the high DC bias generated in the
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capacitively coupled etcher. However, the RMS on the bulk of the sidewall is < 2 nm

indicating relatively shallow striations, probably due to the etching by the oxygen and

260 nm Resist

Figure 5.1 — Cross sectional SEM of methacryate Figure 5.2 — Sidewall AFM image of the

resist patterns. methacrylate resist. The surface has an RMS
roughness of ~3.6 nm. No standing waves are
evident, indicating a properly optimized ARC
thickness.

140 nm Resist

90 nm ARC
30 nm Overetched Oxide

18.8kV x188K 388nm

Figure 5.3 — Cross sectional SEM of Methacrylate resist sample after CF,/O, ARC open. A slight
overetch has consumed ~30 nm of the underlying oxide substrate.
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Figure 54 - Sidewall AFM image of Figure 5.5 — Depth dependent SWR calculated from

methacrylate resist sample after CF4/O, ARC the AFM image. Note that the striations are relatively

open. The sidewall is slightly striated due to the shallow (~2 nm) due to the oxygen and fluorine radicals

high DC bias developed during the etch. that impart a “chemical” nature to the ARC open.
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fluorine radicals formed. Note that CF4 does not deposit significant amounts of polymer’.
Figures 5.4 and 5.5 show the sidewall AFM and depth — dependent SWR of the

methacrylate resist sample after ARC open.

5.1.2. Oxide Etch

After the ARC open, the patterns were transferred into the oxide substrate via a
C4F4/O; etch, again on a TEL DRM etcher (90 s, 1500 W, 50 mT, 9 sccm Cg4Fs, 6 sccm
03, 500 sccm Ar). Figure 5.6 shows the cross sections of the etched features. Only 30 nm
of resist remains, however, 600 nm of oxide has been etched, for an oxide/resist
selectivity of more than 5:1, probably due to the excess fluorocarbon (3:2 FC/O; ratio in
the gas feed). This is also borne out by the CD gain of the lines. The etched features are
approximately 195 nm wide, for a gain of 45 nm in width during the etch due to the
excess polymerization. Still, the profiles look square and even, with little resist loss at the
corners. The sidewall AFM image (figure 5.7) shows broad but shallow striations.
Stripping the remaining resist and ARC, and imaging the oxide lines via a top — down
SEM shows small mousebites (figure 5.8), with an average RMS roughness of 3.3 nm

determined by edge analysis of the digitized SEM data.

5.2. Non-Fluorinated “Thin” Resist

The advanced 193 nm and 157 nm resists being developed for sub-70 nm nodes
are expected to be less than 200 nm thick after developing. Therefore, it is important to
study the impact that extremely thin resists might have on roughness transfer. Similar

patterns were generated using another 193 nm resist with a post — develop thickness of

ol

Figure 5.6 — Cross sectional SEM of methacrylate  Figure 5.7 — Sidewall AFM image of methacrylate

resist patterns after 90s oxide etch. resist sample after 90s oxide etch. Broad but
shallow striations are observable on the oxide
sidewall.
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Resist stripped

Figure 5.8 — Top down SEM of oxide lines after stripping the remaining resist and ARC in an O,
plasma. Small mousebites corresponding to the striations seen in the AFM are observable on the sides
of the line. Threshold analysis of the SEM indicates an RMS roughness of ~3.3 nm at the line edges.

only ~130 nm (' the thickness of the methacrylate resist) over organic ARC, and the
same processing was employed for ARC open and oxide etch. Figure 5.9 shows SEM
results of the patterning using the thin resist after lithography, ARC open, and oxide etch.
It can be seen in figure 5.9b that more than half of the resist has been consumed just
during the ARC open, leaving limited masking material to etch the oxide. This unhappy
result is borne out in figure 5.9¢, which shows the line profiles after a 90s, 600 nm oxide
etch. All the resist and the majority of the ARC has been lost. Indeed, at the feature
corners, no masking material remains at all, leaving the bare oxide open to attack during
the end of the etching process. Stripping what little ARC is left, and imaging the lines via
top down SEM shows severe mousebites at the edges of the lines corresponding to the
exposed areas observed in the cross sections (figure 5.10). Obviously, these results show
that single layer resists with non-selective ARC opens cannot be expected to perform
adequately for deep trench etches, due to insufficient masking material remaining to

pattern the underlying substrate.

.

Resist —

Resist ~  130nm ARC

ARG Oxide

a)

18.dkV  xXt1@ak  ‘308nm 1@e.@kv xiaak  ‘saanm

Figure 5.9 - a) Lithographic patterning of 150 nm line/space pattern using 130 nm thin photoresist. b)
Line patterns after ARC open. More than % of the resist has been consumed. ¢) Line patterns after 90s
600 nm oxide etch. All of the remaining masking material has been consumed during the etch, especially
at the feature edges, leaving the oxide exposed to the plasma.
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Resist stripped

Figure 5.10 — After stripping the remaining resist and ARC, large mousebites can be seen at the line
edges due to the inadequate mask thickness provided by the thin resist.

5.3. Fluorinated Resists

To investigate the role of resist fluorination on roughness transfer, photoresist
formulations with varying fluorine contents were etched. Blanket films elucidated the
effect of fluorination on the resist etching rate, the results of which were correlated with

roughness development on patterned features.

5.3.1. Effect of Resist Fluorine Content on Blanket Etch Rates

Figure 5.11 shows the dependence of resist blanket etch rates on the extent of
polymer fluorination in both halogen (Cly) and fluorocarbon (CHF3/CF4/Ar) plasma
chemistries. It can be seen that low concentrations of fluorine do not result in a
significant etching rate increase. However, the fluorinated resist systems seem to exhibit
a “threshold” like behavior. Once the threshold fluorine concentration is crossed, the
etching rate of the resist increases monotonically. It should be noted that the exact
threshold fluorine content and the slope of the curve beyond the threshold are expected to
depend the specific polymer platform, as well as other factors such as the resist oxygen
content”.

To examine the role of resist fluorination on sidewall roughness transfer, two
fluorinated resists were compared to the non-fluorinated methacrylate resist discussed in
section 5.1. The fluorinated systems were chosen on either side of the threshold indicated
in figure 5.11. The sub-threshold resist contained approximately 8 wt% fluorine, while

the higher fluorine content resist contained ~13 wt%.
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Figure 5.11 — Resist etch rate as a function of polymer fluorine content in both halogen and
fluorocarbon etch chemistries. Note the “threshold” behavior. Resists with low fluorine content show no
significant etch rate enhancement. However, at higher fluorination the etching rate increases
monotonically.

5.3.2. Sidewall Roughness for Resist with Sub-Threshold Fluorination

Dense 150 nm lines and spaces were patterned in a 230 nm thick sub — threshold
fluorinated resist, with an organic ARC to minimize standing wave formation (figure
5.12). At this time we are unable to release compositional information. The sidewall
roughness was isotropic, with an RMS value of 3.2 nm calculated from the AFM image
(figure 5.13). The ARC was opened in the same CF4/O,/Ar plasma used previously on the
methacrylate system, and the patterns underwent the same C4Fs/O2/Ar 90 s oxide etch, in
order to enable a direct comparison with the non — fluorinated system. Very little
masking material remained after completion of the oxide etch. However, the profiles
remained square, with no excessive resist loss at the feature corners (figure 5.14). Since
the fluorine content of the resist was sub — threshold, no etch rate enhancement was either
expected or seen. A sidewall AFM (figure 5.15) shows broad but shallow striations
comparable to those seen on the non-fluorinated sample. After stripping the remaining
ARC, a top down SEM shows small mousebites on the oxide surface (figure 5.16). The
average roughness calculated via edge analysis on the SEM image is 4.0 nm RMS,
slightly higher than the methacrylate resist (3.3 nm). This are attributable to the fact that
the initial thickness of the sub — threshold fluorinated resist was 30 nm less than the non —

fluorinated resist (230 nm vs. 260 nm).
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18.8kV X1lPoK

Figure 5.12 — Sub-threshold fluorinated resist
printed in a 230 nm thick, 150 nm wide dense
line/space pattern

ARC

Oxide

18.08kYV XSe.8K  '688Bnm

Figure 5.14 — Cross sectional SEM of patterns
after 90 s oxide etch. While only residual resist
and ARC remain, there has been no excessive
masking material lost at the feature edges, leaving
square profiles. No etch rate enhancement of the
resist is observed due to the sub — threshold
fluorine content.

Figure 5.13 — Sidewall AFM image of sub-
threshold fluorinated resist. The SWR is isotropic,
with an RMS value of 3.2 nm.

=

Figure 5.15 — Sidwall AFM image of the etched
line. Broad but shallow striations are present on
the sidewall, but appear comparable to those seen
with the non — fluorinated methacrylate resist
used previously.

Resist stripped

Figure 5.16 — After stripping the remaining ARC and resist in an O, plasma, small mousebites are
observable on the oxide lines. Analysis of the SEM data yields an average RMS roughness of 4.0 nm for
the line edges. This is slightly rougher than that seen on the methacrylate resist system (4.0 nm vs. 3.3
nm), but not excessively so, and is attributed to the fact that the initial thickness of the sub — threshold
fluorinated resist was 30 nm less than the non fluorinated resist (230 nm vs. 260 nm).
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5.3.3. Sidewall Roughness Transfer for Super - Threshold Fluorinated Resist

Dense 150 nm lines and spaces were patterned in a resist with a super—threshold
fluorine content (~13 wt%) It consisted of a poly — norbornene backbone bearing a
hexafluoroalcohol functionality and an alicyclic protecting group’. The resist was spun on
to a thickness of 290 nm (this time, slightly greater than the non — fluorinated resist). The
patterns were slightly t — topped (figure 5.17) and no attempt was make to optimize the
profiles. The sidewall roughness calculated from the AFM image (figure 5.18) was ~2.4
nm after ignoring the t — top profile artifact at the top of the line. As before, the ARC was
opened in a CF4/O2/Ar plasma, and the patterns underwent the same C4F¢/Oo/Ar 90 s

oxide etch.

290 nm

Resist

18.8kV Xipédk '

0.6 TSN i
Fe |

Figure 5.17 — Super-threshold fluorinated resist
patterned in 290 nm thick, 150 nm dense line/space
profiles. No attempt has been made to optimize the
t—topped patterns. Note that the thickness is greater

Figure 5.18 — Sidewall AFM of the super —
threshold fluorinated resist patterns. The t — top is
clearly visible in the AFM. The SWR is isotropic,
with a calculated value of ~2.4 nm after

than the non—fluorinated resist. discounting the proﬁle artifact.

Figure 5.19 show a cross sectional SEM of the etched profiles. The high fluorine
content of the resist has indeed led to excessive resist consumption (~130 nm/min) and
severe faceting. Recall that this resist was thicker than both the sub — fluorinated resist
and the non — fluorinated resist (290 nm vs. 230 nm vs. 260 nm, respectively). However,
the thicker mask was more than offset by the etch rate increase caused by the high
amount of incorporated fluorine. Resist loss is heavy especially at the feature edges,
leading to deep, crevice — like striations that extend through the entire oxide layer as
observed on the AFM image (figure 5.20). These crevices correlate well with the

appearance of severe mousebites observed after stripping the remaining resist/ARC
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(figure 5.21). These SEM profiles are so rough it is impossible to reliably extract the line
edge for analysis. However, they are visually rougher by far than any of the other
systems. These results indicate that the reduced etch selectivity due to excessive
fluorination of photoresist polymers can indeed cause an enhancement in sidewall

roughness transfer during etch. Table 5.1 summarizes the results of these experiments.

Resist

Resist

18.08kV X58.8K 688nNnm

Figure 5.19 — Cross sectional SEM of super — Figure 5.20 — Sidewall AFM image of super —
threshold fluorinated resist system after 90 s oxide threshold fluorinated resist system after 90 s oxide
etch. Even though the resist began thicker than etch. Deep, crevice — like striations are observed
cither the sub — threshold fluorinated or non — through the entire oxide layer.

fluorinated resists, excessive resist loss at the edges

of the feature due to the excess fluorine content

leads to enhanced roughness transfer.

Resist stripped

Figure 5.21 — After stripping the remaining ARC and resist in an O, plasma, severe mousebites can be
seen at the line edges, correlating well with the crevices observed via AFM. The profiles are much
rougher than the others, indicating that excess resist fluorination can indeed lead to enhanced roughness
transfer.

5.4. Implications for 157 nm Resist Systems

As previously discussed, 157 nm resists are expected to etch even faster than
those described here, due to the even higher anticipated fluorine content. In addition, the
resists will be thinner due to d depth of focus issues. The combination of these two

factors suggests that it might become impossible to successfully pattern certain levels
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Table 5.1 — Results Summary

Resist Type Thickness Sidewall After Mousebites?
Oxide Etch
Non - Fluorinated 260 nm Shallow striations Few mousebites
Non - Fluorinated 130 nm N/A Large mousebites due to

total resist loss
Sub — Threshold 230 nm Shallow striations, Slightly larger mousebites

Fluorination comparable to non - | than non — fluorinated case
fluorinated due to thinner initial resist
Super — Threshold | 290 nm Crevice — like Severe mousebites due to
Fluorination striations high resist fluorination

using conventional single layer resist / organic ARC lithographic approaches due to the
excessive sidewall roughness generated during the etching process. Therefore, successful
patterning will require alternative schemes such as fast etching ARCs with enhanced

selectivity'®, hardmasks with built — in ARC characteristics' ! or bilayer approaches'>".

5.5. Summary

In this chapter we have observed how thin and/or fluorinated resist can lead to
enhanced sidewall roughness transfer during plasma etching, when the masking material
proves inadequate to fully pattern the underlying substrate. Investigation of a thin, non —
fluorinated single layer resist demonstrated that, once the masking material is removed,
exposure of the substrate to the etching process allows more roughness to propagate
through as compared to a thicker non — fluorinated methacrylate resist, leaving
mousebites on the top of the lines.

The dependence of resist etching rate on the extent of fluorination showed a
threshold behavior. Photoresists with a fluorine content below the threshold value did not
exhibit an etching rate enhancement. However, once the fluorine content increased
beyond the threshold value, etching rates increased monotonically. These results were
correlated with roughness transfer during etch on both sub — threshold and super -
threshold fluorinated resist systems. Roughness propagation during pattern transfer with
the sub — threshold fluorinated resist was comparable to the non — fluorinated case, with
the slightly higher roughness attributable to the fact that the fluorinated resist was 30 nm

thinner. However, the super — fluorinated resist allowed extreme roughness transfer into
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the underlying oxide due to the high fluorine content, even though the resist was spun on

thicker than all the other resist systems.

These results were shown to have implications for advanced 157 nm lithography.

157 nm resists that are thin and fluorinated are likely to be inadequate for pattern transfer

to certain critical levels, necessitating the use of alternative patterning schemes for sub —

70 nm manufacturing nodes.
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Chapter 6 — Polymer Micromask — Induced Surface Roughening During

Fluorocarbon Plasma Etching of Low-k and Porous Low-k Dielectric Films

6.0. Abstract and Introduction

To further reduce interconnect delay and enable higher device speeds (especially
as the critical dimensions are lowered below 0.13 pm), it becomes advantageous to
reduce the dielectric constant of the interlevel dielectric material between the metal
lines'. Low-k films containing carbon® and/or pores® in the matrix are candidates to meet
this objective. While there has been research focusing on the material characterization of
porous low-k films™*, and some attention to the etching characteristics of both solid*® and
porous™® low-k dielectrics, little attention has been paid the surface roughening of these
films during plasma etch processing. Roughness present after dielectric etch can cause
problems during subsequent processing, for example by interfering with the deposition of
conformal liner materials or barrier layers prior to copper metallization’. Therefore, an
understanding of surface roughening mechanisms of low-k and porous low-k materials
during plasma etching is extremely desirable.

Three dielectric films: 1) thermal oxide, 2) organosilicate glass (OSG), and 3) a
methylsilsequioxane porous low-k film (PLK), were etched in various fluorocarbon
plasma chemistries, while varying ion bombardment energy. Etch rates and surface
roughnesses were measured. Polymer — induced micromasking was identified as a
roughening mechanism. During the etching process, under certain conditions multiple
surface steady states develop on the films, creating regions with both net etching and net
fluorocarbon polymer deposition. Once the dual regions form, etch selectivity between
the low-k substrate and the polymer leads to the formation surface roughness.

On the solid films, the roughness formation shows a threshold behavior in relation
to ion bombardment, with a transition from roughening to smooth etching as the ion
bombardment energy is increased. Moreover, on the solid dielectrics roughness formation
can be prevented through polymerization control, for example by the addition of oxygen
to the etching gases. However, roughness formation on the porous films was greater due
to fluorocarbon diffusion into the pore structure, which seeded the formation of

micromasks at conditions at which they do not form on the solid films. Therefore, the
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successful integration of porous low-k dielectrics will require very careful control of
polymerization to prevent unacceptable roughness formation during fluorocarbon

etching.

6.1. Experimental

The homemade inductively coupled plasma etcher used in this work is shown
schematically in figure 6.1. It consists of a 10” diameter stainless steel reactor pumped by
a Leybold Turbovac 361C turbomolecular pump. 4” wafers can be loaded through an
integral load lock. The chamber base pressure is monitored with an ionization gauge and
is typically maintained at 10 torr. The chamber is topped with a quartz plate. A 3 turn
planar copper coil is placed on the plate, and is powered at 13.56 MHz (Comdel CPS-
500A RF power supply) via a matching network. The bottom electrode is independently
powered at 4 MHz (Comdel CX-2000 RF power supply) via a second matching network,
and has a V,; sensor to provide a measure of the applied DC bias to the sample (assumed
to be % Vpp)'°. The bottom power and matching are varied to achieve the desired wafer
bias. Circulating cooling water at approximately 15 °C through the electrode controls the
temperature. Wafers are mechanically clamped using a heavy clamping ring that can be
raised and lowered with a linear motion feedthrough. He gas is supplied to the wafer
backside to enhance thermal contact with the cooled electrode''. Wafers typically
experience a temperature rise to approximately 50 °C during processing.

Thermal oxide, OSG, and porous MSQ low-k films were etched at MIT in the
above reactor. The OSG is a spin-on carbon — doped oxide — like film, with k~2.8. The
PLK has a solid phase composition similar to the OSG (determined via XPS), with
approximately 30% porosity, and has a dielectric constant of ~2.2. The films were diced
into ¥4” x % samples, and adhered to dummy silicon wafers with either thermally
conductive silver paint (Ernest F. Fullam, P/N 14811) or vacuum grease (Apiezon type
H) to assure thermal contact to the electrode. Each Si wafer had 3 such samples mounted
(1 from each film type) allowing simultaneous etching of all films at each processing
condition to minimize variation due to run-to-run process fluctuations. After etching, the
etching rate and surface roughness were determined for all three films as a function of ion

bombardment energy.
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Figure 3.1 — Schematic of home — built inductively — coupled plasma etcher used in this work. 1 sample
of each film type was adhered to a dummy silicon wafer, so all three films were processed identically at
each experimental condition.

6.2. Etch Rate Results

Etch rates of thermal oxide and OSG were determined using variable angle
spectroscopic ellipsometry. Pre and post-etch film thicknesses were measured on a J.A.
Woollam M-2000 ellipsometer by measuring the ellipsometric parameters y and A at ~
200 wavelengths (from 350-700 nm) and 3 angles (65 °, 70 °, and 75 °) and fitting an
appropriate model to the data'?. The etching conditions are given in table 6.1. Post-etch
ellipsometry on the PLK film, however, proved unreliable (high mean squared error in
the model fit). Therefore, etch rates of PLK were determined by masking !4 of the sample
before etch with a piece of silicon, and measuring the resulting step height after etching
using a Tencor P-10 profilometer. Figure 6.2 shows a representative step height
measurement on PLK after etch, with a step height of approximately 1300 A. Figures 6.3
and 6.4 show measured etch rates for all three films as a function of applied DC bias in
10% CsFg/Ar and C;Fs, respectively.

Figure 6.3 shows that processing in C4;Fg/Ar below 150V results in net deposition
on all films. Additionally a fluorocarbon layer on the surface was maintained at higher

ion bombardment energies, and was thick enough that it needed to be accounted for in the
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ellipsometric fit to obtain accurate post — etch thickness measurements (the presence of a
steady state fluorocarbon layer is well known in oxide etching'). Optical constants for
the fluorocarbon film were obtained by depositing a thick layer of polymer onto a silicon
wafer, measuring the thickness using profilometry via a scratch test, and then fitting the
measured ellipsometric data to an appropriate model. C;Fs has no net deposition regime
at these conditions, and the inclusion of a fluorocarbon film layer was unnecessary to
obtain accurate post — etch thickness measurements via ellipsometry. In both plasma
chemistries the etching rate of the three films follow the same descending order (ERprx >
ERosg > ERsioz). The two low-k films etch faster than thermal oxide, probably due to
their less dense structure. Additionally, the PLK etches faster than OSG due to the porous

nature of the film.

1600

Table 6.1-Etching Conditions

Pressure 20 mTorr
Gas Flow 40 sccm
Top Power 300 W
Backside He | 15-20 torr
DC Bias varied
Etch Time | 3 minutes
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Figure 6.2 - Representative profilometery measurement after etching of a PLK sample. The sample
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shows ~ 1300 nm etched in 3 minutes, for an etch rate of ~430 nm/min.
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In fact, as the solid phase of the PLK is chemically similar to the solid OSG, we
would expect the porosity-corrected PLK etch rate to be similar to OSG as well. The
porosity-corrected etch rate is given by’:

ER ER,,. (1-11) (6.1)

corrected

where IT = porosity (30% for PLK). Figures 6.5 and 6.6 show the porosity corrected
etching rate of PLK compared to OSG as a function of DC bias in both 10% C4Fg/Ar and
C,Fs plasma chemistries. The C4Fg/Ar results have been plotted for the net etching
regime only (= 150 V). These results indicate that, at least to first order, porosity alone

can explain the differences in etching rate between OSG and PLK.
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Figure 6.3 - Etch rates in 10% C4Fg / 90% Ar Figure 6.4 - Etch rates in C,F¢ plasma. Net etching
plasma. Note that below 150 V, net deposition occurs at all DC bias conditions. The etch rate,

occurs on all three films. however, is less than in C4Fg/Ar.
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Figure 6.5 - Etch rate comparison of OSG to Figure 6.6 - Etch rate comparison of OSG to 30%
30% porosity — corrected PLK in 10% C,Fg / Ar porosity — corrected PLK in C,Fs plasma. Again,
plasma (in the net etching regime, 150 V — 300 Since the PLK solid phase is similar to the OSG,
V). Since the PLK solid phase is similar to the porosity alone seems to explain the etching rate
OSG, porosity alone seems to explain the etching  difference.

rate difference.
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6.3. Surface Roughness

Surface roughness was measured with a Digital Instruments 3100 atomic force
microscope (AFM) in tapping mode. Standard TESP (tapping-mode etched silicon
probes) tips were used to image the surfaces. All images were 1 um x 1 pm, 256
linescans, with 256 pixels/linescan. After data collection, and prior to any analysis, 31
order polynomials in both the x and y directions were subtracted to correct for sample tilt
and scanner nonlinearities. Then, a flatten operation was performed to correct any
residual line-to-line offsets. Finally, the root-mean squared (RMS) roughness of each
image was calculated. On each sample, 2 images were taken from each of 3 locations (6

images in total per sample), and averaged to obtain the reported RMS value.

6.3.1. Pre —Etch Surface Roughness

Prior to etching, the RMS roughness of the unprocessed films was determined.
Figure 6.7 shows AFM images of the unetched films, with corresponding RMS roughness
values. All three images have a 20 nm vertical scale, enabling direct visual comparison
between them. The thermal oxide is the smoothest, with a RMS roughness below 2 A
over the 1 um? surface. The OSG and PLK films, being spin-ons, are markedly rougher,
with RMS values of 1 and 1.2 nm, respectively. The porous nature of the PLK probably
accounts for the increase in roughness over the OSG, although it should be noted the
radius of curvature of the AFM tip (nominally 10 nm) is too large to actually image the

pore structure. Still, prior to etch, all surfaces are relatively smooth and flat.

SiOz 0SG Porous low-k

rms = 0.180 nm rms = 1.01 nm rms = 1.22 nm

Figure 6.7 - AFM images of unetched dielectric films. All three images are on a 20 nm vertical scale.
The thermal oxide is extremely smooth, while the OSG and PLK films are rougher (due to the fact that
both are spun — on). The porous nature of the PLK may account for its added roughness compared to the
0OSG, although it should be noted that the AFM tip cannot access the pore structure.
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6.3.2. Surface Roughening in 10% C4Fs/ Ar Plasma

Surface roughening during etching in a 10% C4Fs / Ar plasma chemistry (etch
conditions given in table 6.1) as a function of ion bombardment energy was investigated.
Figure 6.8 shows AFM images of all three films, as a function of DC bias, after a 3
minute etch. The images are shown in 3 different vertical scales in this figure to better
highlight relevant features (20 nm for thermal oxide, 50 nm for OSG, and 100 nm for
PLK). Figure 6.9 shows a plot of the rms roughness of the sample surfaces, with the RMS
values of the unetched samples included as a reference.

At low ion bombardment energy (100 V), the surface roughness on all three films
is identical. As ion bombardment energy is increased, however, the surfaces roughen. A
visual examination of the roughened surfaces reveals the formation of a “peaks and
valley” morphology. Very interestingly, and initially unexpectedly, the solid films (oxide
and OSG) show a roughness maximum at a threshold DC bias level as ion bombardment
is increased (although the threshold is different for each film). As the threshold is
exceeded, the surfaces of the thermal oxide and OSG become smooth. The jump between
roughened and smoothed surfaces is highly evident on the OSG sample, with the surface
roughness changing from 7.9 nm to 1.4 nm between 250 and 300 V.

100V 150V 200V 250V 300V

Si0,

0S8G

PLK

Figure 6.8 — AFM images of thermal oxide, OSG, and PLK after 3 minute etch-in 10% C4Fg/Ar plasma.
The three films are shown in different vertical scales as labeled to better highlight the relevant features.
Note the “peaks and valleys™ shape of the roughness features, especially on the roughened OSG and PLK
samples.
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Figure 6.9 — RMS roughness of thermal oxide, OSG, and PLK in 10% C4Fg/Ar plasma corresponding to
the AFM images in figure 6.8. At low ion bombardment (100 V) the roughness on all three films is
identical due to uniform polymer deposition. As the ion bombardment energy is raised, the films
roughen. The solid films (oxide and OSG) show a threshold behavior, smoothing after the threshold is
attained (~175 V for oxide, and 275 V for OSG). The jump between roughened and smoothed surfaces is
highly evident on the OSG sample, with the surface roughness changing from 7.9 nm to 1.4 nm between
250 and 300 V. The PLK, on the other hand, increasingly roughens to extreme values.

The PLK, on the other hand, exhibits a different behavior. Rather than showing a
roughness maximum in CsFg/Ar, the surface roughness increases monotonically with
increasing DC bias, becoming severe at high ion bombardment (reaching levels

exceeding 25 nm RMS).

6.3.2.1. Polymer — Induced Micromasking as a Roughness Formation Mechanism

The observed features (identical roughness on all films at low ion bombardment,
roughness maximums on solid films, and severe roughening of the porous film) can be
explained by postulating a polymer — induced micromasking mechanism for roughness
formation, with a competition between deposition and etching yielding smooth or rough
surfaces depending on ion bombardment.

In a well — known paper, Coburn and Winters'* qualitatively plotted the etching
vs. deposition characteristics for fluorocarbon etching of substrates as a function of the
fluorine to carbon (F/C) ratio of the chemically active plasma species, and the ion
bombardment to the wafer. They found that a transition from fluorocarbon polymer

deposition to etching occurs as both the ion bombardment energy and the F/C ratio
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increased. The F/C ratio could also be influenced by the addition of additional gases. For
example, oxygen addition forms CO or CO,, consuming carbon containing etching
species and thereby increasing the F/C ratio, while addition of hydrogen has the reverse
effect through the consumption of fluorine.

We might generate our own qualitative plot by collapsing all factors influencing
the etching and deposition on a substrate into a very general “polymerization propensity”
of the system. This plot is illustrated in figure 6.10. A sample that is “substrate rich” will
undergo net etching, with a decreasing etch rate as the polymerization is increased, until
finally etching stops. A sample that is “polymer — rich,” however, will undergo increasing

polymer deposition as the polymerization propensity of the system is increased.

1 2 3

\ Substrate - Rich
}

Polymer - Rich

Etch Rate

“Polymerization Propensity”

Figure 6.10 — Illustrative plot of etching and deposition on substrate — rich and polymer — rich sample
areas as a function of the system polymerization. Substrate — rich areas undergo decreasing etching as
polymerization is increased, while polymer — rich areas undergo increasing deposition. This allows for
three regimes. Regions 1 and 3 are characterized by smooth uniform substrate etching and polymer
deposition, respectively. However, in the transition region (2) we believe that multiple steady states
(etching and deposition) can occur simultaneously on different areas of the sample, leading to
micromask formation and surface roughening.

Thus, the plot yields three regimes, labeled 1,2, and 3 in the figure. Region 1 is
characterized by rapid substrate etching, with no areas of net polymer deposition. In our
experiment, this region would correspond to etching under high ion bombardment
conditions, yielding smooth samples. In region 3, the polymerization is so high that no
etching takes place, leaving only uniform smooth polymer deposition. An examination of
our samples etched at 100 V shows this type of behavior. Net deposition yielded film

surfaces completely covered with a thick uniform layer of fluorocarbon polymer.
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Ellipsometry measurements on oxide and OSG at this condition suggested a polymer
thickness of about 45 nm present after the 3 minute etch (see figure 6.3), which should be
thick enough to planarize the surface. Additionally, XPS analysis verifies the similarity of

the polymer deposited on all three films etched at 100V in 10% CsFg/Ar, as shown in

figure 6.11.
o 0SG PLK
o1
LE Q ,Cfc C}‘.‘
g
300 290 280 300 290 280 300 290 280
Binding Energy Binding Energy Binding Energy

Figure 6.11 - C 1(s) XPS spectra of oxide, OSG, and PLK after etching at 100 V in 10% C,Fs/Ar
plasma. All three spectra are identical, indicating the polymerization on all three films is the same at this
condition.

The intermediate region 2 is interesting. In this regime, we believe that certain
areas of the substrate that are polymer deficient can undergo net etching, while others that
are polymer rich undergo net deposition. In other words, multiple steady states can form
on the surface, leading to surface inhomogeneity where polymer islands form in some
regions. These polymer islands develop into polymer micromasks. Once formed, etch
selectivity between the deposited polymer and the underlying substrate leads to the
formation of a “peaks and valleys” morphology that roughens the surface. Figure 6.12
shows a schematic of how this process might occur. The transition from region 2
(micromasking) to region 1 (smooth etching) would therefore be very dependent on the
local polymer formation on the surface. This may explain why the transition on OSG
occurs at a higher ion bombardment energy than on the SiO», as the carbon content in the
OSG would be expected to enhance the deposition of fluorocarbon polymer.

Micromasking as a roughening mechanism has been observed before. Fukasawa
et al'’ attributed the formation of “conelike” defects during quartz etching to
micromasking caused by particles generated in the plasma. Kawanishi et al'® noticed
roughening during Cl, chemically assisted ion beam etching of GaAs/AlGaAs due to the

formation of Al,03; micromasks. Kong et al'’ encountered micromask roughness from
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Figure 6.12 - a) Polymer micromasks form. b) Selectivity between deposited polymer and substrate
roughens the surface.

sputtering of a stainless steel electrode during C,F¢/O; etching of SiC. Richter'® discussed
the formation of silicon needles due to micromasking in cyclic ASE processes with
enhanced deposition. A few odder examples include Perera’s'’ investigation into
micromasking from bacteria left on wafers occurring in ultrapure water systems, and
Schroder’s®® work on micromask roughening when etching Si (100) surfaces in liguid
KOH due to the formation of H, bubbles. Micromask induced roughening has even been
exploited as a method to form controllably rough SiC surfaces for enhanced LED

performance®' and to form textured silicon surfaces for cell attachment™>*,

6.3.2.2. Enhanced Micromask Roughening on Porous Low-k

The porous low-k film shows a different roughening characteristic than the solid
oxide and OSG samples. Once micromasking occurs, there is no threshold exhibited.
Instead, the surfaces grow increasingly rougher as the ion bombardment energy increases.
We believe pore-filling is seeding the formation of polymer micromasks even at higher
ion bombardment energies under conditions in which they do not appear on solid films.
During the etching process, fluorocarbon can diffuse into the porous matrix of the PLK.
(figure 6.13a) As the solid matrix etches around the filled pores, it exposes the polymer
(figure 6.13b), which can agglomerate and form micromasks (figure 6.13c). This
mechanism can occur even under conditions of high ion bombardment, as the polymer
within the pores is shielded from the incoming ion flux. According to our simple model,
this has the property of “pushing” the polymer — rich line to the left on the plot,
eliminating region 1, explaining why there is no transition from micromasking to smooth

etching of the porous substrate (figure 6.14). Additionally, as the etch rate of PLK is very
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large at high DC bias, micromask formation can lead to extreme values for surface
roughness under conditions of high ion bombardment. This explains why the PLK

surface increasingly roughens to large values as the DC bias is raised, with no maximum

observed.

AT i A MAS
a) b) c)

Figure 6.13 - Pore filling seeds micromask formation on PLK. a) Fluorocarbon diffuses into the pore
structure. b) Simultaneous etching of the PLK forms polymer micromasks even under conditions of high
ion bombardment. c) Selectivity between the deposited polymer and the substrate roughens the surface.

Substrate - Rich

Etch Rate

Polymer - Rich

“Polymerization Propensity”

Figure 6.14 — Illustrative plot of etching and deposition on substrate — rich and polymer — rich sample
areas as a function of the system polymerization on PLK surface. Fluorocarbon diffusion into the pore
structure enhances deposition, effectively “pushing” the polymer — rich line to the left. This effectively
eliminates the smooth etching regime and expands the micromasking regime, explaining why no
transition is observed.

6.3.3. Surface Roughening in C;Fg Plasma
If the above mechanism is correct, it is natural to postulate a surface roughness

improvement by controlling polymerization during etch. To this end, we investigated the
roughening of our three dielectric films in a pure C;F¢ plasma chemistry. Etching in C;Fs
produces much less polymerization, due to the much higher amount of fluorine generated

in the discharge in comparison to CsFs/Ar®. Figure 6.15 shows C 1(s) XPS data of our
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three films after etching in C,F¢ at the conditions outlined in table 6.1, at 0V, 100V, and
300V applied DC bias. While all films have fluorocarbon deposition, the solid films
(oxide and OSG) lose fluorocarbon as the ion bombardment is increased. The PLK,
however, retains fluorocarbon even at high DC bias, giving further evidence that polymer
can diffuse into the pore structure. This polymer forms even though C;Fs is a low-
polymerizing discharge. Therefore, we have evidence that the pore structure can indeed
shield polymer as postulated. Based on the XPS results, if polymer — induced
micromasking is the dominant roughness mechanism, we would expect our solid films to
remain smooth when etching in C;F¢ as ion bombardment energy is increased as there is
no gross polymer deposition at intermediate ion bombardment (although we may see a
slight roughening due to deposition at 0V). However, we would expect the PLK to
exhibit the same trend as in 10% C4Fg/Ar, as there is still polymer shielding within the
pore structure.

This is indeed exactly what is observed. Figure 6.16 shows AFM images of all
three films etched in C;Fg at 0, 50, 100, 200, and 300 V. All images share a 10 nm
vertical scale to enable direct comparison between them. Figure 6.17 shows a surface

roughness plot of these images. At 0 V, the oxide film is slightly roughened due to the

oV = 100V 300V
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Figure 6.15 - C 1(s) XPS of all three films after etching in C;F¢ plasma. All surfaces have fluorocarbon
deposition at 0V Bias. As ion bombardment increases, the solid films lose fluorocarbon. However, the
PLK retains fluorocarbon in the pore structure, even at high ion bombardment energies.
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polymer deposition, but the surface roughness levels out to about 4 A RMS as the DC
bias is increased to 300 V. The OSG also remains smooth, with a roughness of ~8 A
RMS, independent of bias voltage. A visual examination of the images shows no
evidence of a “peaks and valleys” morphology on the solid films. These results indicate

that indeed, no micromasking is occurring on the solid films when etched in C;Fs.

oV 50V 100V 200V 300V

10 nm scale

Si0,

10 nm scale

0SG

10 nm scale

PLK

Figure 6.16 - AFM images of all three films after etching in C,Fs plasma. All have the same 10 nm
vertical scale. The solid films remain smooth at all bias conditions, as gross polymer deposition is
prevented due to increasing ion bombardment. The PLK film, however, shows the same trend as seen in
10% C,Fs / Ar due to the formation of micromasks caused by polymer diffusion into the pore structure.
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Figure 6.17 - RMS roughness of thermal oxide, OSG, and PLK in C;Fs plasma. The solid films do not
show roughening at any condition. The porous film, however, shows the same trend as observed

previously (increasing roughness with increasing ion bombardment) due to polymer micromask
formation. The lower roughness magnitude in C,Fy is attributed to the fact that etch rates in C;F¢ are

lower than in C,Fg / Ar.
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In contrast, the PLK film shows exactly the same trend as seen when etching in
10% CFs/Ar. The surface roughens monotonically as ion bombardment is increased.
“Peaks and valleys” are observed visually, indicating micromasking. However, the
magnitude of the roughness is less than before, due to the slower etching rate of PLK in
CaFs vs. C4Fg/Ar.

6.3.4. Surface Roughening in 10% C4Fs /5% O,/ Ar

Further evidence in support of micromask induced roughening was obtained by
adding a small amount of O, to the highly polymerizing C4Fs/Ar chemistry used
previously. We hypothesized that oxygen might reduce polymerization during etch,
preventing the formation of micromasks and leaving smooth surfaces. 5% O, was added
to the gas feed (replacing an equivalent amount of Ar) giving a 10% C4Fg / 5% O,/ 85%
Ar mixture. Aside from the gas addition, all conditions were kept the same (20 mTorr, 40
sccm, 300 W top power, 3 minute etch), and surface roughness was determined.

Figure 6.18 shows AFM images of the solid films (oxide and OSG) after etching
in the 10% C4Fg / 5% O, / 85% Ar plasma, while figure 6.19 shows a plot of the RMS
surface roughness corresponding to these images. The surface roughness values without
O, addition are included on the plot for reference purposes. The addition of O, has
resulted in a dramatic effect, yielding extremely smooth surfaces. The prevention of gross
polymerization during etch resulted in surface roughness improvements on oxide of 75%
(from 2 nm to 0.5 nm RMS) at 150V, and improved roughness on OSG by an order of
magnitude at 250V (from 8 nm to 0.8 nm RMS). Surface roughness on both films is
essentially constant as a function of ion bombardment energy, indicating uniform,
homogeneous etching. Therefore, we conclude that oxygen addition is effective in
controlling polymerization on the solid dielectric films, eliminating the formation of
micromasks and allowing uniform etching to proceed.

Unfortunately, the PLK films again prove difficult. Figure 6.20a shows images of
PLK etched in 10% C4Fg/Ar. These are the same images as in figure 8, but presented in a
top-down view. Figure 6.20b shows equivalent PLK samples etched with 5% O; addition,
also in top down view. Figure 6.21 shows a plot of the RMS surface roughness

corresponding to these images. Interestingly, O, addition to the feedgas seems to increase
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Figure 6.18 - AFM images of oxide and OSG after etching in 10% CsFg / 5% 02 / Ar plasma. All
images are on a 10 nm vertical scale. Addition of O; has allowed smooth etching to proceed, without the

formation of polymer micromasks.
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Figure 6.19 - Effect of O, addition to C4Fs/Ar on surface roughness of a) oxide and b) OSG. Addition of
0, has eliminated polymer micromasking, resulting in smooth surfaces. The effect is particularly
dramatic on the OSG sample, with an improvement of 1 order of magnitude at 250 V DC bias.

roughness on PLK at lower bias voltages. The oxygen interferes with the conformal
deposition of fluorocarbon polymer seen previously at 100 V bias without O, instead
leaving a morphology characterized by small agglomerations grouped and separated by
deep “crevices.” (see figure 6.20b @ 100 V). This crevice morphology persists as ion
bombardment energy is increased, eventually leading to uniformly separated peaks at
300V. However, the size and spacing of these peaks and valleys is smaller than when
etching without O, (compare figures 18a and b @ 300 V). Looking at the plot in figure

6.21, this interference with uniform deposition at low ion bombardment roughens the
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surface. As bias is increased, the roughness with and without O, looks comparable. At
300 V, however, the surface etched with O, at first glance, appears smoother. However,
this is a bit deceiving. It seems smoother to the AFM because the narrower spacing
between the peaks prevents the AFM tip from reaching deep into the crevices (i.e., the

shape of the AFM tip is limiting the roughness measurement on this surface).

All pictures 100 nm scale
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Figure 6.20 - AFM images of PLK films etched in 10% C,F3 / Ar a) without oxygen and b) with
addition of 5% oxygen. Images are presented in top-down view to highlight morphology change that
occurs with addition of O,. At 100 V, O2 addition interferes with the uniform polymer deposition
observed previously, actually making the surface rougher. As DC bias is increased, deep crevices
develop, with a narrower spacing than before. The narrow crevices prevent the AFM tip from accessing
the topography completely at 300 V, making the surface appear smoother than without O,.

PLK

N

N

RMS Roughness (nm)

100 150 200 250 300
Applied DC Bias (V)

Figure 6.21 - RMS roughness of PLK films etched in 10% C4F3 / 5% O, / Ar, calculated from the above
AFM images.
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A higher aspect ratio tip (with a carbon nanotube) was tried as a way to mitigate
this problem, but became contaminated with polymer after a few scans. In fact, tip
contamination effects were seen on most samples etched in C4Fs with or without oxygen,
showing up as a “smearing” or dragging on the surface. Standard AFM tips could be
restored by repeated scanning on an unetched PLK sample. The image with a
contaminated tip was blurry at first, with a sharp resolution improvement after a few
scans corresponding to the removal of the polymer contamination. The RMS roughness
of the surface and the visual appearance were used to gauge whether the tip was sharp
enough for data collection (the blunter the tip, the smoother the measured surface). The
nanotube tip, however, could not be restored in the same fashion, and was therefore
rendered useless (at a cost of $400). The polymer contamination of the AFM tips was
taken as further evidence that polymerization played a role in the surface roughening.

6.3.5. Surface Roughening by Pure Ion Bombardment

Finally, the three dielectric films were etched in Ar alone, to investigate the
effects of pure ion bombardment with no fluorocarbon deposition. Figure 6.22 shows
AFM images of all three films etched in Ar plasma at the same conditions (outlined in
table 1) as the previous samples, at low ion bombardment (100V) and high ion
bombardment (300V). Note the small particles on the SiO, sample etched at 100V; the
effect of these particles was removed before the surface roughness was calculated.
Figure 6.23 shows a plot of the RMS roughness of these surfaces. The oxide roughness
remains relatively constant with increasing ion bombardment, while the OSG surface
roughness decreases. The PLK roughness first drops at low ion bombardment, then
roughens slightly as the bias is increased. Still, all three surfaces undergo a degree of
smoothing using only ion bombardment, and no etched surfaces are rougher than the
unetched samples. There is no evidence of a “peaks and valleys” morphology, and no
evidence of micromasking. Thus, we conclude that ion bombardment alone does not give

rise to elevated roughness levels, and that indeed, polymerization plays an important role.

6.4. Summary

We have characterized the etching and surface roughening of thermal oxide,

0OSG, and an MSQ porous low-k film is fluorocarbon plasma chemistries as a function of
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Figure 6.22 - AFM images of films after etching in  Figure 6.23 - RMS roughness of films after
Ar plasma to show the effect of pure ion etching in pure Ar plasma. All etched films are
bombardment without polymerization. Note the smoother than the unetched films. No enhanced
particles present on the oxide sample at 100V - roughening is observed, further verifying that
these areas were removed before the roughness polymerization combined with ion bombardment
calculation was performed. is required to yield rough surfaces.

ion bombardment energy. ERpLx > ERosc > ERgio2 in both 10% C4Fg/Ar and C,Fs. 10%
C,Fg/Ar showed a net deposition regime below 150 V DC bias. Porosity alone can
explain the etching rate differences between OSG and PLK.

Surface roughening in fluorocarbon plasmas is controlled by a polymer — induced
micromasking mechanism. At low ion bombardment energies, the surfaces of all three
films were smooth when etching in 10% C4Fg/Ar due to the thick uniform polymer
deposition. As the ion bombardment energy is raised, however, the surface deposition
becomes non-uniform, forming micromasks that cause surface roughness due to the
selectivity difference between the fluorocarbon polymer and the underlying film. As the
bias is increased, the surface roughness of the solid films goes through a maximum.
Finally, when the ion bombardment energy is high enough, the formation of polymer
micromasks is prevented, and the surfaces etch smoothly and uniformly.

The porous low-k film shows a different behavior due to the pore structure. The
presence of pores seeds micromask formation due to fluorocarbon diffusion into the pore
structure and the etching of the film. Once present, the polymer is difficult to remove

even at high ion bombardment energy due to shielding of the polymer in the pore
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structure. Therefore, as ion bombardment energy is increased, the surface roughness of
the PLK increases monotonically, severely roughening at high DC bias.

Further evidence for the polymer-controlled roughening mechanism was obtained
by etching in lower-polymerizing etch chemistries. Etching in C;Fs allowed smoother
surfaces on all three films. No micromasking was seen on either oxide or OSG. As
expected, however, micromasking was seen on PLK due to the polymer shielding in the
pore structure, although the magnitude of the roughness was lower than in 10% C4Fg/Ar
(probably due to the lower etch rate and lower polymerization in C,Fg).

Even more evidence was obtained by adding 5% O, to our 10% C4Fs/Ar
chemistry. Addition of oxygen completely eliminated micromask formation on both
oxide and OSG, allowing fast, uniform etching. The surface roughness improvements
approached an order of magnitude on OSG. On PLK however, O, addition did not help.
In fact, adding O, interfered with the uniform polymer deposition at 100V seen
previously without oxygen, leaving a surface morphology characterized by small
agglomerations separated by deep crevices. As the ion bombardment energy was
increased, the crevices etched deeper, yielding rough surfaces.

Finally, the films were etched in Ar alone to examine roughening without
polymerization. As expected, all surfaces remained smooth in the absence of
fluorocarbon, indicating that polymerization can indeed play an important role in surface

roughening.
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Chapter 7 — New Plasma Beam Apparatus for the Investigation of Striation
Formation, with Application to Polysilicon Roughening in HBr - The Role of
Surface Topography

7.0. Abstract and Introduction

Up to this point, I have described numerous examples of plasma induced sidewall
and surface roughening on many industrially relevant systems, with discussions of
mechanisms and suggested improvement strategies. However, a fundamental study of
sidewall striation formation is still elusive, mainly because of the experimental
difficulties associated with attempting such a study in a conventional plasma etcher. Our
group has previously investigated etching kinetics and feature profile evolution'®, and
determined how differences in angular etching yield, ion bombardment, and plasma
chemistry can explain many commonly observed etching artifacts. We believe that
sidewall striation formation is governed by the same physics; therefore, a fundamental
study of sidewall roughness and striation development requires an apparatus with
independent control of ion impingement angle to the sample, ion bombardment energy,
and the plasma chemistry,

To this end, we have constructed a realistic plasma beam chamber that allows the
required independent control. The source has a stage for mounting samples, quartz crystal
microbalance (QCM) for etch rate measurements, ion energy analyzer to characterize the
ion energy distribution function of the beam, and an ion flux analyzer to spatially map the
beam uniformity. The sample stage and QCM are mounted on angularly adjustable
vacuum stages to allow the variation of the ion impingement angle. To simulate a
sidewall, the sample is rotated to a near — glancing angle The ion bombardment energy
can be selected by DC biasing the plasma, which is isolated from the source chamber
walls by a quartz or alumina ceramic liner.

After fully characterizing the ion energy and beam uniformity in the new source,
it was used to conduct our first preliminary investigation into roughening of polysilicon
in an HBr plasma beam. The effects of initial topography were examined by comparing
polysilicon (with a rough grain structure) to similarly processed single crystal silicon

samples which are smooth and flat. Additionally, the ion bombardment energy,
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impingement angle, and ion fluence were varied, and the effects on the surface roughness

observed.

7.1. Beam Systems
Beam systems have been widely used in the literature in order to decouple

reactions occurring at the surface from those in the gas phase. Many of these systems
employ “independent” beams, with a separate beam for each ion and neutral species.
Butterbaugh et al’ and Gray et al® used F, CF,, and Ar" beams to elucidate the role of
radical species and ion bombardment in the fluorocarbon etching of SiO,. Vugts et al
employed a system with separate radical, ion, electron, and photon beams to study
spontaneous etching of Si in XeF,’, and as a function of ion/neutral flux and ion energy'®.
Chang et al used beams of Cl radicals, and Cl* and Ar" ions to measure Si etching yield
as a function of ion bombardment and ion incident angle™'!®. Kota et al measured
etching yields of Si and WSi; ¢ in chlorine/oxygen neutral beams and Ar/oxygen ion
beams'*. Greer et al determined photoresist etching yields with independent ion and

15’16, and measured abstraction probabilities of fluorine and deuterium

neutral beams
radicals from surfaces!’. Toyoda et al used mass — selected single species CF,' beams to
study Si and SiO; etching'®.

As attractive as these systems are, most real plasmas contain many more species
than could ever be represented by a collection of separate beams. Therefore, more
“realistic” plasma beams systems have been employed in which ion and neutral beams
are directly sampled from the plasma of choice. Vitale et al used beams extracted from an
inductively coupled plasma into a small side sample chamber to measure etching yields
of benzocyclobutene (BCB) films in F»/O, chemistry'®, and Si etching yields in halogen
chemistries®®. Kwon used a similar system to measure SiO; etching yields in
fluorocarbon chemistries®’. Finally, Jin et al constructed a realistic inductively coupled
plasma beam source in which the plasma was struck in a small side chamber, and
extracted into the main sample chamber (the opposite of Vitale’s method), and used it to

measure etching yields of Si in Cl, and HBr chemistries?.
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7.2. New Inductively Coupled Beam Apparatus

A new apparatus, modeled after that used by Jin, was constructed in order to
investigate roughness formation. This second generation chamber has a number of
improvements over Jin’s version. First, Jin’s plasma beam source was somewhat
minuscule (6” OD tube). While designed to be inductively coupled, the coupling actually
was mainly capacitive due to the small window to deposit the power™. The new source,
built into a 10” OD tube, is indeed inductively coupled with the associated higher density.
Secondly, Jin’s source permitted only one item at a time to be placed within the main
sample chamber (be it a sample holder, QCM, ion energy analyzer, or ion flux analyzer).
The new source has all four items present at once, eliminating the need to bring the
chamber up to atmosphere to change them out.

Figure 7.1 shows an external schematic of the new inductively coupled plasma
beam source. The apparatus possesses four instruments for data collection : 1) a water
cooled sample holder that can accept 17 x 17 chips of any desired film, 2) a water cooled
quartz crystal microbalance (QCM) for sensitive etching rate measurements, 3) an ion
energy analyzer (IEA) to determine the energy distribution of the extracted plasma beam
ions, and 4) an ion flux analyzer (IFA) to measure the beam ion flux. All four instruments
are mounted on either Z — axis stages or linear motion feedthroughs to allow placement in

the beam, and withdrawal when not in use. This feature enables use of any instrument

Dielectric (Quartz or Alumina)

Window 3 — Turn Copper Coil

Ion Flux Analyzer
mounted on XYZ Port for Beam

Stage b ] ource Mass
, ] Spectrometer

Water Cooled, Ton E Water Cooled,
Rotatable Sample (Kl ]n erg;y Rotatable Quartz
Holder Da:yeE: Crystal Microbalance

Figure 7.1 — External schematic of plasma beam apparatus. All four instruments (sample holder, QCM, ion energy
analyzer, and ion flux analyzer) are mounted on either Z axis stages or linear motion feedthroughs to allow
placement into the beam, and withdrawal when not in use. Additionally, the ion flux analyzer can be manipulated in
XYZ to allow the collection of spatially resolved beam current maps. Finally, the sample holder and QCM are
mounted on 360° rotatable axis stages to enable angularly resolved data collection.
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without requiring the chamber to be opened. The IEA is mounted on an XY stage to
enable collection of spatially resolved beam current maps. To allow angularly resolved
data collection, the sample holder and QCM are placed on 360° rotatable stages.

Figure 7.2 shows an internal schematic of the plasma beam apparatus. It consists
of an upper and lower chamber, both built into a 10” OD stainless steel vessel. The upper
chamber is lined with a quartz or ceramic liner to isolate the plasma from the chamber
wall. An inductively coupled plasma is struck in the upper chamber by RF powering a 3 —
turn copper coil at 13.56 MHz (RF Plasma Products RF-10) through a matching network
(RF Plasma Products AM-10). An anisotropic flux of ions is extracted through a
grounded grid at the bottom of the upper chamber (Buckbee Mears # 514, 0.006”

diameter holes, 0.005” thick, 27% open area). The ion bombardment energy is controlled

Upper
Chamber
Plasma is DC Biased
Quartz or to Control lon
Ceramic Bombardment Energy
Liner

1l

Filament for Beam
Space Charge
Neutralization

Gridded
Orifice,
Grounded

Sample in
Cryopumped Lower Extracted
Chamber Plasma Beam

Figure 7.2 — Internal schematic of plasma beam apparatus. The upper chamber is lined with a quartz or
ceramic liner, isolating the plasma from the chamber wall. The inductively coupled plasma is struck by
powering a 3-turn copper coil at 13.56 Mhz through a matching network. The ion bombardment energy
is controlled by placing a metal shim into the plasma, and DC biasing it. Since the plasma is isolated by
the insulating liner, it will take up a potential 15 — 25 eV above the DC bias applied to the shim. An
anisotropic flux of ions (with an isotropic neutral flux) is extracted via a grounded grid at the bottom of
the upper chamber into the cryopumped lower chamber. Low energy electrons emitted by a filament
neutralize the beam space charge to lessen beam spreading.
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in a similar manner to that used by Jin® and Chang®*. A stainless steel wire or shim
placed in the plasma is connected to a DC power supply through a BNC connector. An
RF choke is placed inline as a low-pass filter to block the RF signal to the DC supply.
The wire or shim can be biased from 0 — 500 V by the supply, and the plasma (isolated
from the chamber wall by the insulating liner) will take up a potential *~ 15 — 25 V above
the biasing potential. Thus, the plasma potential above ground can be controlled. The ions
are extracted anisotropically via the grounded extraction grid into the lower chamber.
Obviously, an isotropic flux of neutrals is extracted as well. The source typically operates
at a pressure of ~14 mT (for Ar) as measured by a capacitance manometer, with a gas
flow rate of 2 sccm.

The lower chamber is pumped via a 4000 L/s cryopump (CTI Cryonics Cryotorr
8), and is maintained at a base pressure of ~5x107 torr during operation. The mean free
path at this pressure (for Ar at 20° C) is ~120 cm, much larger than the chamber
characteristic dimension, so the beam can be considered collisionless. A tungsten
filament can emit low energy electrons to neutralize the beam space charge and minimize
any subsequent beam spreading (it also has the ability to neutralize charging that can

develop on insulating samples).

7.2.1. Ion Energy Measurement
The gridded ion energy analyzer used here was described in detail in chapter 2.

Briefly, it consists of 2 grids and a collector contained within a stainless steel can. The
can has a %" orifice through which the ion flux is sampled. The first grid is biased
slightly negative (-15 €V) to repel electrons. The voltage to the second grid is swept from
0 to + 500 V. This creates a potential “hill.” Only ions with energy higher than the grid
potential will make it through the second grid to be measured at the collector via a
picoammeter (Keithly 480).

For a representative HBr plasma (225 W, 2 sccm, 12 mT source pressure), ion
currents were measured at various plasma DC biasing, and differentiated to yield the ion
energy distribution functions (IEDF). Figure 7.3 shows this result. It is clear that the ion
energy control provided by the chamber setup is adequate, with the ions taking up a
potential 15 — 25 eV above the plasma bias.
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Figure 7.3 — lon energy distribution functions (IEDF) for a representative HBr plasma beam (225 W, 2
scem, 12 mT source pressure) at various plasma DC biasing. The data shows good ion energy control.

7.2.2. Neutral to Ion Flux Ratio Calculation
For ion enhanced etching (for example, Cl etching of polysilicon), the etch yield

depends on the neutral to ion flux ratio (N/I") of the incoming beam. At low N/T", the
surface reactions are limited by the neutral flux. At high N/I', however, the surface is
saturated with neutrals (the so — called “saturation” regime). The reactions are limited by
the ion flux, and the etching yield is relatively independent of N/I” 81220 While the effect
of the N/I" ratio on surface roughness evolution is unknown, we would still like to
calculate it for the beam apparatus.

The neutral flux can be estimated by the sum of the line of sight beam flux from

the plasma I'jos, and the background flux I'yg. These fluxes are given by*:

(PR A (7.1)
1/2m:nﬁf,kTg
where mesr = effective mass of neutrals (6.63x107® kg for Ar), k = boltzmann’s constant

(1.38x10‘23 J/K), P = source pressure for I'os (14 mT) or chamber pressure for I'pg (5);10'2
mT), and T, = gas temperature in the source for I'os (600 K) or the chamber for I'yg (300
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K). I'ios must further be corrected for the neutral beam spreading between the orifice and

the sample®, and for the grid open area:
R2

rlos=a(R2 +L2 )rplwma (72)
where I'plasma = neutral flux calculated by equation 7.1, o = grid open area (27 %), R =
radius of the orifice (0.355 in), and L = distance from the orifice to the sample plane
(2.74 in). For the values given above for Ar at 300 W, I'plasma = 3.2x10" ecm?s!, s =
1.4x10" cm”s™, and Tyg = 1.6 x10'® cm™s™, so the total neutral flux Tiw = 3.0 x10™
cm”s”. The ion flux is directly measured with the ion flux analyzer. For Ar at 300 W, at

the center of the beam the ion flux is ~ 50 pA-cm™

, equivalent to 3.1x10" ems™,
Therefore, the neutral to ion flux ratio under these conditions is approximately 97, which
is adequate, if not spectacular. It should be noted that the error in the neutral flux
calculation might be as high as a factor of 2, although the ion measurement is believed
accurate within 20 %. Further improvement in the flux ratio can be obtained by operating
the source at a lower power to reduce the ion current, at the cost of reducing the etching
rate. A modification to the chamber that would move the orifice closer to the sample
plane, reducing the effect of the neutral beam spreading, is also being considered (the
rather large 2.74” spacing was necessitated by the spatial considerations of the chamber,

but the resultant beam spreading reduces I'i,s by over 98% as a result).

7.2.3. Measurement and Modeling of Ion Flux
The ion flux analyzer (IFA) was described in detail in chapter 2. Briefly, ions

traverse through a small (1 mm) orifice, to be measured by a collector connected to a
picoammeter. The picoammeter (and thus, the collector) is floated at a slightly negative
potential to repel electrons. The IFA is mounted on a linear motion and an XY stage,
allowing the determination of spatially resolved beam current maps. This enables the
uniformity of the ion current to be checked.

Figure 7.4 shows a contour plot of the spatially resolved beam current for Ar at
300 W and 2 sccm. The contours are labeled in units of pA/cm?, with each contour
corresponding to a 10% decrease in the maximum flux measured at the beam center (51

pA/cm?). The beam uniformity is adequate for our purposes, with the contour line
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corresponding to 80 % of the maximum flux (41.15 pA/cm?’ contour) describing an area
approximately '2” in diameter. However, the degree of non — uniformity across the
measured beam was, at first, rather surprising, as I expected a more anisotropic ion beam.

Even though the uniformity is adequate, it is instructive to try to ascertain the cause of the

observed flux variation.
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Figure 7.4 — Spatially resolved beam ion current for an Ar discharge at 300 W and 2 sccm. The contours
are marked in increments of 10% of the maximum flux (ie, 90%, 80%, etc). The contour of 80% max
jon flux (41.15 pA/cm2) describes an area approximately '4” in diameter, more than large enough to
perform roughness measurements. Thus, we conclude the beam uniformity is adequate for our purposes.

An extremely simple model to describe what might be going on can be developed
by assuming that the ion flux given off at any point on the orifice grid, rather than being

perfectly anisotropic, instead has a gaussian angular distribution with standard deviation

o,l.e.:

I(d) « exp[i)_J (7.3)

where d represents the XY position on the sample. The flux to any position on the sample

would thus contain a contribution from all points on the orifice, depending on the angular
view factor. Figure 7.5 shows a schematic of the system in one dimension. The two
characteristic lengths are the orifice grid diameter R and the grid/sample plane spacing L.
At any position d along the sample plane, ion flux is received over a range of angles.

Thus, to determine the total flux received at any point on the sample, we only need to
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determine the angular range, and integrate the gaussian angular distribution over that

range.

Figure 7.5 — Diagram of the flux received a any point x on the sample plane. Point x receives flux from
all angles between 6; and ;. By inspection, 8; = tan'[(d-R)/L}, and 6; = tan'[(d+R)/L]. Thus, to
determine the total flux incident at position x, the flux angular distribution must simply be integrated
from 6; to 0.

By inspection of figure 7.5, 6; = tan’[(d-R)/L], and 6; = tan”[(d+R)/L].

Additionally, since the flux is symmetric about the centerline and we will normalize the

results, we can incorporate 2 dimensions by replacing d by JX2+Y?  where X and Y are
the coordinates where the beam flux is measured. Therefore, by integrating equation 7.3

from 6; to O, the flux to any position on the sample is proportional to:

tan JX2+Y? +R tan JX2+Y? -R
o L L

I(XY) « 7 -erf 7 (7.4)

L

This equation gives the correct functional form, reducing to a uniform flux for

VX*+Y? < R and zero flux for VX?>+Y? > R, as either L — 0 (i.e. very close to the

orifice) or ¢ — 0 (i.e. a highly directional ion beam).
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The data in figure 7.4 was normalized by dividing each measurement by the maximum
measured flux to obtain a flux map ranging from 0 to 1. The model in equation 7.4 (also
normalized) was then fit to the measured data by least squares, with a single adjustable

parameter (the angular dispersion o). Figures 7.6 and 7.7 shows the result.
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Figure 7.6 — Measured ion flux (the same data as Figure 7.7 — Model results with ¢ = 7.2 ° as

shown in figure 7.4), normalized to range from 0 determined by a least squares fit to the data in

to 1. figure 7.6. The extremely simple model gives a
good representation of the measured data with
only a single adjustable parameter.

By least squares fitting, o = 7.2 °. This is in reasonable agreement with angular
dispersions commonly used in profile simulators, which tend to be on the order of 4 — 5
degrees™°. Thus, the observed ion flux dispersion can be explained via a very simple
model containing only a single adjustable parameter, and as it is uniform within 20%
over a %" area as seen in figure 7.6, is adequate for our purposes.

Figure 7.8 shows the ion flux measured at the chamber center for both Ar and
HBr plasma beams at 300 W source power, as a function of the plasma DC bias (and
hence, the ion bombardment energy). The Ar ion flux is larger than the HBr ion flux as
the ionization efficiency for Ar is higher. Both curves increase as the ion bombardment
energy increases. This is because the ion extraction is dependent on the potential
difference between the biased plasma and the grounded extraction grid. At higher
potential, the extracted ions have a higher velocity, increasing the measured flux.

These curves can be used to normalize the total fluence received by a sample. By
varying the etching time of samples etched at different ion bombardment energies, we
can assure that each sample receives the same total ion fluence, enabling a more direct

comparison between them.
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Figure 7.8 — Ion flux measured at the chamber center for both Ar and HBr plasma beams at 300 W
source power.

7.3. Quantitative Beam Investigation of Polysilicon Roughening in HBr

Once the beam source was characterized, a set of “proof of concept” experiments
was run. These investigations serve two purposes: 1) they verify that indeed, blanket
samples at glancing angles can serve as models for sidewalls through the formation and
observation of striations, and 2) they provide some preliminary insight into one potential

mechanism for striation formation during etching.

7.3.1. Feature Profile Evolution
Previous work in our laboratory has focused on feature profile evolution based on

measurement of angular etching yields in a variety of plasma chemistries, with
incorporation into a profile simulator (the etch yield is a measure of how much “stuff”
comes off a surface for every ion that strikes). In particular, Jin focused his work on the
etching of polysilicon features in HBr and Cl, plasmas?, Figure 7.9 shows measurements
by Jin of the etching yield as a function of ion impingement angle for polysilicon in both
Cl; and HBr plasmas. The Cl; curve shows a shape characteristic of ion — induced
chemical etching. It is flat up to an angle of ~ 45 °, and then drops off toward zero at 90 °.
The HBr curve, on the other hand, drop off slowly but steadily to about 60 ° before
dropping. In his simulator, Jin interprets these curves as a probability of either reacting an
incoming ion with the surface, or scattering, with the curve itself representing the
reaction probability. Therefore, at glancing angles the scattering probability is simply 1 —
the value of the yield curve. By this interpretation, Cl; has a greater probability of high —
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angle scattering, which leads to commonly observed etching artifacts such as
microtrenching (figure 7.10). HBr, on the other hand, with a lower probability of high —

angle scattering, leading to features with flatter bottoms (figure 7.11).
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Figure 7.9 — Relative etching yield of polysilicon in Cl, and HBr plasmas as a function of incidence
angle (based on data from ref 23). The curve can be interpreted as showing a probability of either
reaction or scattering. The greater probability of high — angle scattering in Cl, vs HBr creates etching
artifacts such as microtrenching (see figure 7.10)

HBr

Figure 7.10 — Cross section of polysilicon trench Figure 7.11 — Cross section of polysilicon trench

etched in Cl, plasma, with corresponding feature etched in HBr plasma, with corresponding feature

profile simulation (reprinted from ref. 23). High profile simulation (reprinted from ref. 23). The

angle scattering from the sidewall focuses ions at reduction in high angle scattering demonstrated on

the foot of the sidewall, inducing microtrenching.  the angular etch yield curve creates a flatter trench
profile.

7.3.2. Topography — Induced Striation Formation
Based on these types of results, one possible hypothesis for the formation of

sidewall striations might be that similar physics is responsible. For example, the presence
of microscale irregularities on the sidewall might “seed” the formation of a striation due
jon reaction and scattering off of various angularly oriented surfaces. Once formed, the

streak might propagate in a similar fashion as the feature profile evolution described

above.
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To investigate this possibility, both polysilicon and single crystal samples were
placed in an HBr plasma beam at various incident angles and ion bombardment energies,
and the resulting morphology changes were observed via AFM. The polysilicon / HBr
system was chosen because 1) we understand the etching kinetics (yield curves, etc) quite
well from Jin’s previous work, 2) No deposition or other processes occur, allowing the
impact of the etching process itself to be observed, and 3) both microscopically rough
(polysilicon) and smooth (single crystal silicon) samples are available, allowing the

contributions of the initial surface topography to be examined.

7.3.2.1. Experimental
150 nm undoped polysilicon was deposited via low — pressure chemical vapor

deposition (LPCVD) onto 8 inch silicon substrates at the IBM ASTC in East Fishkill,
NY. Additionally, 4 inch single crystal Si (100) wafers were obtained. All wafers were
diced into approximately 1”” x 1” pieces, and cleaned for 30 s with agitation in a 2% HF
acid solution to remove native oxide. Once cleaned, the wafers were placed immediately
into high vacuum at ~ 107 torr to prevent the formation of more native oxide. Typical
time between cleaning and placement in vacuum was ~ 5 — 10 min.

For processing, each sample was transferred to the beam chamber. An HBr
plasma at 300 W source power and 2 sccm flow rate was struck, and was DC biased as
described previously to extract ions of a desired energy. At this flow rate the source
pressure was approximately 30 mT. In the lower chamber, the samples were rotated to the
desired angle, and etched. The total baseline fluence was fixed at 1x10'7 ions/cm® by
varying the total processing time, based on the measured flux at the chamber center.

Figures 7.12 and 7.13 show AFM images of the unetched polysilicon and single
crystal silicon, respectively, from a top — down perspective. The images are 1 um x 1 ym
in size, with 256 linescans. The vertical scale for the polysilicon (corresponding to the
range from the darkest to brightest pixel values) was 50 nm, while for the single crystal
silicon, a scale of 5 nm was used. The grain structure of the polysilicon is clearly visible.
This surface has an RMS roughness of ~ 3.5 nm. The surface of the single crystal Si, on
the other hand, is perfectly smooth, with an RMS roughness of less than 2 angstroms.
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Figure 7.12 — Top — down AFM image of Figure 7.13 — Top — down AFM image of
unetched polysilicon (50 nm vertical scale). The unetched single crystal silicon (5 nm vertical
sample has an RMS roughness of 3.5 nm, with a  scale). The sample has an RMS roughness of 0.15
clearly visible grain structure. nm, and is visually smooth.

7.3.2.2. Results

Figure 7.14 and 7.15 show the effects of ion impingement angle on polysilicon
roughening with a plasma DC bias of 100 V and 350 V, respectively. Images were taken
at normal (0 °), near — normal (20 °), intermediate (50 °), and near — glancing (75 °)
angles. Let us first examine the non — glancing results. We note evidence of smoothing at
normal and near — normal incident angles (0° and 20°). This is consistent with the
observations of Rauf’’, who noted that in etching processes high points tend to etch
preferentially to low points due to ion bombardment of asperities coupled with the
shadowing of neutral etchants in cavities. Samples etched with higher energy ions also
appear smoother than those etched at lower energy. This is explained by the fact that the
absolute etching yield increases approximately as the square root of the ion bombardment
energy, so more etching of the high points takes place at 350 V plasma bias.

At 50°, however, there is no evident smoothing at either ion energy. We may be
able to explain this trend through the etch yield curve for HBr shown in figure 7.9.
Conceptually, there should be more scattering at 50° than at 0° or 20°. In fact, the

scattering probability can be determined from the plot (it is equal to one minus the etch
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Figure 7.14 — Effect of varying incident angle at near — normal and intermediate incidence on
polysilicon roughening in HBr beam with 100 V plasma DC bias.

yield). From the figure, scattering probabilities for 0°, 20°, and 50° are 0%, 5%, and 14%,
respectively. Thus, we might expect that, at 50° less etching is occurring, leading to less
smoothing of the surfaces. We can model this very simply by considering a 1-D
representative profile extracted from figure 7.12 (the unetched polysilicon). From this
profile, I have calculated the local surface normal direction by taking the derivative of the
profile (giving the local surface slope) and calculating the direction of a line
perpendicular to it. Once the local surface normal is known along the profile, the
interaction angle between the surface and a directional incoming ion is easily determined.
Once this interaction angle is known, the local instantaneous etching yield can be
calculated from figure 7.9. Finally, the local instantaneous scattering probability along
the profile is determined (again, one minus the etch yield).

The results of this calculation for ions impinging on our representative surface
profile at 0° (normal), 20°, 50°, and 75° are shown in figure 7.16. The surface profile is

drawn to scale to give an accurate visual representation of the extent of the surface
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Figure 7.15 - Effect of varying incident angle on polysilicon roughening in HBr beam with 350 V plasma
DC bias.

roughness. The arrow shows the direction of the incoming ions. We see that at both
normal and near — normal incident angles (0° - 20°), the probability of scattering due to
the surface topography is minimal (less than 10%). Therefore, the majority of ions
striking the surface will etch, smoothing the features. At an incident angle of 50°,
however, the results are interesting. From figure 7.9, the scattering probability for an ion
striking a flat surface at this angle is about 14%. However, the scattering probability off
the rough surface is enhanced due to the local surface topography. For this profile, the
calculated average scattering probability is 17.1%, with several areas exceeding 40%.
Since many of the ions scatter instead of etching, this might explain the lack of
smoothing observed when etching the polysilicon surfaces at a 50° incident angle. Note
that this simple model would predict similar roughness for samples etched at 0° and 20°.
The apparent rougher surface for the sample etched at 0° as compared to 20° in figure
7.14 may be due to the presence of the particulate contamination visible on the surface.
Now, let’s take a look at the glancing angle (75°) results. We can observe
immediately that the structure of the roughness is markedly different from the other
samples. While the polysilicon etched at non — glancing angles maintained an isotropic
characteristic, the 75° samples have taken on anisotropy. Striations are clearly visible on
the surface, propagating in the direction of the beam impingement (indicated in the
figures). Additionally, a visual comparison of the etched sample with the unetched
polysilicon indicates that the striation width seems comparable to the size of the initially
present grains. The roughness magnitude on the surface is reduced, with an RMS

roughness of 2.5 nm (100 V) and 2.3 nm (350 V).
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Figure 7.16 — Representative surface profile extracted from the unetched polysilicon image, with the
calculated instantaneous scattering probability for ions incident at the indicated direction. For normal
and near — normal incident angle (0° - 20°), the scattering probability is low at all positions along the
profile, resulting in etching and smoothing. However, at 50° the scattering probability is much higher,
explaining the larger roughness observed on this surface. At 75°, the surface is dominated by scattering,

which may explain the observed striation formation.

Note that the surface smoothing is not captured by the interpretation of our simple model
based on the etch yield curve, which would predict a rougher surface. However, the
model at 75° does predict very enhanced scattering. Additionally, a glance at figure 7.16
shows several areas of the profile with a scattering probability equal to 100%. This
corresponds to areas of the surface that due to the topography, are completely shadowed
to the incoming ions (figure 7.17). Due to the very glancing angle formed by the beam
ions, areas of the surface directly behind a protrusion receive no flux. Evidence of this

phenomenon on the 75° etched sample can be seen by taking a representative profile of

0
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the surface, parallel to the beam direction (figure 7.18). The profile shows evidence of
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Figure 7.17 — Schematic representation of “shadowed” sample area with near — glancing ions at 75°.
This occurs when the angle formed by the surface normal and incident ion direction exceeds 90°,
corresponding to a relative etching yield of 0 (or a scattering probability of 1).

slanted “tails” beginning at a grain, and propagating backwards forming a ridge. These
are due to the shadowing of ions on the back side of the grain, and scattering at the
glancing incident angle.

Figure 7.19 shows the time evolution of the striation formation when etched at
350 V plasma bias and 75° incident angle. Samples were etched with total ion fluences of
1-1016, 3-10'®, and 1-10" ions/cm®.  No significant surface change is noted at the lowest
fluence (10'® ions/cm®). However, as the fluence is increased, striations begin to form. At
a fluence of 3-10"® ions/cm? striations have begun to develop. Additionally, this image
clearly illustrates that the grain structure initiates the streaks. At 1-10'7 jons/cm® the

striations are fully developed. The surface roughness also seems to scale with the fluence,
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Figure 7.18 — Surface profile of polysilicon etched at 350 V, 75°, showing striation formation due to
shadowing by the grain structure. The profile shows slanted “tails” beginning at the grain and
propagating backwards caused by shadowing and scattering of the incoming ions, creating a ridge.
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Figure 7.19 — Effect of ion fluence on striation formation in HBr plasma beam at 350 V plasma bias and
75° incident angle. At a fluence of 10'¢ ions/cm?, no significant change in the surface structure is noted.
However, as the fluence is increased, striations initiated by the surface topography begin to develop.
The surface roughness scales with the fluence, with a larger flux resulting in a smoother surface.

with a larger fluence resulting in a smoother surface.

These results seem to suggest that striation formation on the rough polysilicon
surface in the HBr plasma beam can be governed by specular scattering from the
topography, whether propagating between the grains, or due to ridge formation from
shadowing of the incoming ion flux. The striations seem to be initiated by the grain
structure itself. As one further check, a different polysilicon sample (obtained from the
MIT Microsystems Technology Laboratory) was etched at 350 V plasma bias and 75°
incident angle with a fluence of 10'” jons/cm®. This polysilicon sample had a larger grain
structure than the first type. Therefore, if the striation formation is determined by the
grain structure, the streaks should be larger as well.

Figure 7.20 shows both types of polysilicon samples, illustrating the surfaces
before and after etching at the conditions described above. The difference in the etched
surfaces is striking. In both cases, the streaks present after processing do indeed scale
with the grain structure on the unetched surfaces. On the sample with large grains, wide
ridges formed by shadowing are clearly visible propagating backward from the surface
high points, indicative of the ion shadowing effect observed previously.

Finally, single crystal silicon samples were etched similarly to the polysilicon,
The single crystal silicon etching kinetics are similar to the polysilicon, but there is no
initial surface topography (as seen in figure 7.13, the surface is flat). Therefore, the

absence of striation formation on similarly processed single crystal silicon should further
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Figure 7.20 — Small — grained polysilicon and large — grained polysilicon samples were etched in the
HBr plasma beam at 350 V plasma bias, 75° incidence angle, and 10" jons/cm? fluence. Striations are
present after etching on both samples. The streak width correlates with the grain size on the unetched
surfaces, indicating that the striation formation results from the surface topography.

indicate the role of the surface topography, rather than some other process inherent in the
sample material or etching mechanism.

Figure 7.21 shows AFM images of single crystal silicon at 100 V and 350 V
plasma bias as a function of the ion incident angle. These images are on a 5 nm vertical
scale (rather than the 50 nm vertical scale used for the polysilicon) as the single crystal
silicon is much flatter. On the 100 V samples, some sort of particulate or other
contamination is observable. However, it looks worse than it really is since the vertical
range of the image pixels is so small. This can be seen by examining the RMS roughness
of the surfaces, which even on the 75° sample is only ~ 4 angstroms. Since the
contamination is not present on the 350 V samples, it is possible that it may have resulted
from small amounts of native oxide that were either not removed completely, or
developed before the samples were placed in vacuum. At 350 V, the ion bombardment

energy may have been high enough to sputter it away. Of course, it is also possible that
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the observed contamination is particles that adhered to the surfaces after they were

removed from the vacuum system, and that the observed trend is coincidental.
Nevertheless, disregarding the particulate contamination it is immediately

apparent that no striations of any kind have formed on the single crystal silicon,

regardless of the incident angle or ion bombardment energy. Judging by the surface RMS

350V
Plasma
Bias

Figure 7.21 — Single crystal silicon etched in the HBr plasma beam at 100 V and 350 V plasma bias and
10" jons/cm’, as a function of the ion incident angle. Particulate contamination is observed on the
samples etched at 100 V. Nevertheless, the surfaces show no sign of striation development, again
providing evidence for the role of surface topography on the formation of anisotropic streaks.

roughness (and disregarding the particles) the single crystal silicon remains smooth at all
etching conditions. The lack of striation development on the single crystal silicon as
compared to the polysilicon gives further evidence for the role of surface topography on

the formation of striations during etching.

7.4. Conclusions
A new plasma beam chamber was described that allows the independent control

of the ion bombardment energy, ion incident angle, sample type, and plasma chemistry,
essential for a fundamental study of striation and roughness development during etching

processes. The chamber was fully characterized, demonstrating good ion energy control
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and beam uniformity over a %;” diameter sample area. Additionally, a simple model that
adequately explained the measured ion flux (by assuming a slight angular dispersion to
the ions) represented the beam uniformity.

After characterizing, the beam source was used to perform our first fundamental
studies into mechanisms behind striation development during etch. The polysilicon / HBr
system was chosen because of previous work elucidating the etching kinetics in the
system (typified by a determination of the relative angular etching yield), and the fact that
both rough and smooth samples could be obtained. Results indicated that the initial
surface topography can play a crucial role in the formation and development of striations
on the surface. At a glancing incident angle, the ions undergo enhanced scattering from
the surface features, and shadowing by the larger grains, eventually leading to a streak.
The time evolution of the striation development was examined, indicating that the streak
size might correlate with the initial grain size. Further experiments with polysilicon
samples of differing grain sizes supported this. Finally, single crystal samples (which
were smooth) were etched at similar conditions. No streaking was observed at any
experimental condition, further supporting the idea that the surface topography can be an

important source of striations observed during etching.
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Chapter 8 — Conclusions and Future Work

8.0. Conclusions

For the patterning of sub 100 nm features, a clear understanding of the origin and
control of line edge roughness (LER) is extremely desirable, both from a fundamental as
well as a manufacturing perspective. Until recently, LER studies have focused on the
analysis of top-down SEM micrographs of post-developed photoresist lines. However,
the effect of plasma etch on sidewall roughness has not received sufficient attention.
Plasma etching processes often roughen the feature sidewalls, leading to the formation of
anisotropic striations. It is this post-etch sidewall roughness which will ultimately affect
device performance.

In this thesis, I have attempted to provide a thorough investigation into sidewall
roughness transfer occurring on a variety of industrially relevant systems and toolsets,
and to identify potential mechanisms for improvement through processing and materials
solutions. Additionally, more fundamental work was performed on blanket samples
though the identification of a novel polymer — induced roughening mechanism on low — k
dielectric films. Finally, a new apparatus was constructed and characterized that will
allow the study of roughness and striation formation through a decoupling of plasma
parameters that is impossible to achieve in a traditional plasma etcher.

In chapter 3, we observed via AFM sidewall roughness during the ARC / HM
open and subsequent oxide etch for 248 nm and 193 nm systems, with a wide variety of
organic ARCs, hardmasks, Si — containing ARCs, and bilayers. The initial 248 nm
lithography sidewall morphology is isotropic in nature with a 3-5 nm 1-c RMS
roughness, and is relatively constant as a function of depth. After the ARC/hardmask
etch, however, the sidewall morphology takes on an anisotropic characteristic, with
striations created by ion bombardment. During a subsequent oxide etch, these striations
transfer into the oxide sidewall, the anisotropic topography created during the
ARC/hardmask etch casting the morphology of the oxide layer beneath. While all resist
systems are about equivalent from a roughness standpoint after the ARC/hardmask etch,
they show variation after oxide etch. On the 248 nm resist platforms, hardmask and Si
containing ARC samples allow more roughness transfer during an aggressive oxide etch

than organic ARC samples, perhaps due to the polymerizing nature of the Si ARC /
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hardmask open chemistry, or to compositional differences between these films as
compared to the organic ARC. On the 193 nm resist platforms, a less aggressive (higher
pressure, lower ion bombardment) oxide etch was required due to the lower etch
resistance versus 248 nm systems. However, this gentler oxide etch allowed the oxide to
be opened relatively smoothly regardliess of the resist type, leaving the post — etch oxide
SWR comparable to that obtained with 248 nm organic resist/ ARC. These results indicate
that the SWR on the oxide substrate can be maintained within reasonable limits, as long
as the increasing resist/ARC roughness does not extend to the oxide interface.

In Chapter 4, I identified how processing conditions (specifically the ARC open

or hardmask open plasma chemistry) could be tuned to improve sidewall roughness
transfer. It was found that, on the 248 nm organic ARC system from Chapter 3, opening
the ARC in a Cl;/O; plasma chemistry (or “chemical” ARC open) enabled an isotropic
SWR to be maintained, at the cost of reduced selectivity to resist. A subsequent oxide
etch resulted in smoother sidewalls than the samples with a “physical” N»/H, ARC open,
as no post ARC open striations were present to transfer into the oxide.
It was also possible to etch the hardmask material in a Cl,/O; “chemical” HM open, again
resulting in an isotropic sidewall. After a subsequent oxide etch, the sidewall roughness
underwent a vast improvement over the hardmask samples opened with the “physical,”
highly depositing fluorocarbon chemistry described previously, with an RMS roughness
decrease of ~60% at the top of the oxide line (from 8 nm to 3.3 nm RMS).

Finally, a similar methodology was applied to the post — etch roughness of
polysilicon gate lines, patterned with a TEOS oxide hardmask. Varying the hardmask
etch conditions highlighted a roughness improvement mechanism driven by
polymerization during the hardmask open. Fluorocarbon polymer (formed on the gates
during the hardmask etch) filled in imperfections in the gate line, allowing a smoother
transfer to the underlying polysilicon. However again the roughness improvement came
at a cost. The increased polymerization grew the width of the line during the hardmask
open, creating a “fatter” mask that resulted in wider gates than originally patterned.

These results indicate several methods by which modulating the ARC/HM open
chemistry can improve roughness transfer, and illustrates some of the tradeoffs (reduced

selectivity, CD shift, etc) involved.
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In Chapter 5, the impact of employing thin and/or fluorinated photoresists on the
post etch line edge roughness transfer into oxide substrates was investigated. First, a non-
fluorinated, very thin (130 nm) resist was investigated. It was found that almost half of
the resist thickness was consumed during the ARC open, leaving inadequate masking
material remaining to properly etch the oxide. At the feature edges, all the resist and ARC
was consumed during a 0.6 pm oxide etch, leaving the substrate exposed and causing
mousebite formation. Next, blanket etch rates of fluorinated 193 resists with varying
fluorine content were measured in both halogen and fluorocarbon plasma chemistries.
The dependence of the etching rate on resist fluorine content showed a “threshold”
behavior in both chemistries. Resists with fluorine content below the threshold showed
no significant etch rate enhancement. However, once the fluorine content of the resist
increased beyond the threshold, etching rates increased monotonically. Sidewall
roughness transfer was compared on 3 different resist systems: 1) non-fluorinated, 2) sub
— threshold fluorine content, and 3) super-threshold fluorine content. Roughness transfer
on the sub-threshold resist was only slightly higher than the control. However, the super-
threshold system showed severe roughening during etch accompanied by extreme resist
consumption, faceting at the resist corners, and large mousebites left on the oxide lines.

These results have important implications for the success of 157 nm lithography.
Because 157 nm resists are expected to be heavily fluorinated and extremely thin, it may
become impossible to pattern certain levels using the conventional single layer resist /
organic ARC approach that works well for 248 and 193 nm systems. These levels will
require the use of alterative patterning schemes such as hard mask and / or bilayer
approaches, which are expected to gain importance as the industry migrates to sub-70 nm
nodes.

In Chapter 6, roughening of low — k and porous low — k dielectrics in
fluorocarbon plasma chemistries was investigated. Three dielectric films: 1) thermal
oxide, 2) organosilicate glass (OSG), and 3) a methylsilsequioxane porous low-k film
(PLK), were etched in various fluorocarbon plasma chemistries, while varying ion
bombardment energy. Etch rates and surface roughnesses were measured. Polymer —
induced micromasking was identified as a roughening mechanism. During the etching

process, under certain conditions multiple surface steady states develop on the films,
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creating regions with both net etching and net fluorocarbon polymer deposition. Once the
dual regions form, etch selectivity between the low-k substrate and the polymer leads to
the formation surface roughness.

On the solid films, the roughness formation shows a threshold behavior in relation
to ion bombardment, with a transition from roughening to smooth etching as the ion
bombardment energy is increased. Moreover, on the solid dielectrics roughness formation
can be prevented through polymerization control, for example by the addition of oxygen
to the etching gases. However, roughness formation on the porous films was greater due
to fluorocarbon diffusion into the pore structure, which seeded the formation of
micromasks at conditions at which they do not form on the solid films. Therefore, the
successful integration of porous low-k dielectrics will require very careful control of
polymerization to prevent unacceptable roughness formation during fluorocarbon
etching.

In Chapter 7, I described a newly constructed realistic plasma beam chamber that
allows the independent control of the ion bombardment energy, ion impingement angle,
and plasma chemistry that will enable the study of roughness and striation formation
from a fundamental perspective. The source has a stage for mounting samples, quartz
crystal microbalance (QCM) for etch rate measurements, ion energy analyzer to
characterize the ion energy distribution function of the beam, and an ion flux analyzer to
spatially map the beam uniformity. The sample stage and QCM are mounted on angularly
adjustable vacuum stages to allow the variation of the ion impingement angle. To
simulate a sidewall, the sample is rotated to a near — glancing angle The ion
bombardment energy can be selected by DC biasing the plasma, which is isolated from
the source chamber walls by a quartz or alumina ceramic liner.

After fully characterizing the ion energy and beam uniformity in the new source,
it was used to conduct our first preliminary investigation into roughening of polysilicon
in an HBr plasma beam. The effects of initial topography were examined by comparing
polysilicon (with a rough grain structure) to similarly processed single crystal silicon
samples which were smooth and flat. At glancing incident angles, the topography of the
polysilicon led to enhanced scattering and shadowing of the incoming ionms, creating

striations that propagated backwards from the grains. Additinally, the streak width
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correlated with the initial grain size. Single crystal silicon etched at similar conditions
exhibited no signs of streaking. These results indicated that the surface topography can be

an important source of striation formation during etching.

8.1. Future Work

While it was my task to get the new beam chamber operational and characterized,
and to demonstrate its feasibility for performing fundamental roughness investigations,
we have obviously only scratched the surface. Future beam studies on silicon films
should include the addition of amorphous silicon to the poly / single crystal studies and
additional polysilicon plasma chemistries such as HBr / O, and HBr / Cl,. Oxide and low
— k roughening in fluorocarbon plasma beams are on the horizon as well. Specifically, it
would be enlightening to examine whether or not the micromask — induced roughening
observed on blanket films can lead to striation formation on sidewalls. Since so many
new experiments suggest themselves, our lab is currently constructing a second beam
chamber to ease the bottleneck. The existing chamber will be used for polysilicon ~ type
experiments (ie, “front end”), while the new chamber will be used for oxide and low — k
type experiments (ie, “back end”).

A third type of experiment could involve the use of patterned lines / spaces to
examine more closely the role of faceting at the pattern edge on striation initiation and
propagation. Figure 8.1 shows a schematic of the basic concept behind this. An array of
dense line / space patterns (which, as mentioned in Chapter 2, we have available on the
DARPA mask) is rotated to a near — glancing angle and placed in the plasma beam. The
beam will impinge on the pattern comer in a manner analogous to a traditional line /
space experiment. Additionally, the AFM analysis on these samples can be performed in
a top — down manner, greatly simplifying and accelerating the data collection process. A
first possibility for experiments of this type might be to bake the patterned photoresist
lines, causing a reflow of the resist and rounding the corners. The role of rounded corners
vs sharp comers (which should facet more) could thus be examined.

Another avenue for exploration is modeling of the roughening process. For a
number of years our group has investigated feature profile evolution during plasma

etching, using a 2 ¥ - D monte carlo simulation, with a good deal of success'”. However,
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while features can be simulated in 2-D (by assuming that the 3" dimension is infinite),
sidewall roughness is inherently a 3 dimensional problem. Thus, simulation of sidewall

roughness formation will require a 3 — D simulator.

Plasma
cam

Figure 8.1 — A pattern of wide, dense lines / spaces is placed in the beam, and rotated to a near —
glancing angle. This setup simulates a traditional line — space pattern, allowing the evaluation of corner
faceting effects on striation formation. Additionally, top — down AFM analysis should be possible,
greatly simplifying the data collection.

In his PhD thesis, Jin® began the construction of a 3 dimensional simulator for the
purpose of examining roughness formation during etching. The work was preliminary,
and is currently on — going in our laboratory. Once the simulator is operational, real
images produced from the plasma beam chamber via AFM will be used to calibrate and

verify the results produced by the simulator.
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